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Abstract

With the advantages of no backlash, no accumulative error and compatibility with vac-

uum and clean environment, flexure parallel mechanisms (FPMs) have been employed in

high-precision positioning systems in optics, micro/nanoscale metrology and manufac-

turing, semiconductor production and biology applications. This thesis focuses on the

study ofXYZ-FPMs with decoupled kinematic structure, large motion range and high

positioning precision. A new type of prismatic joint is designed, with the advantages

of having a large motion range, no parasitic motion, no stiffening, no buckling and a

symmetric structure. An exact modeling method of the large-motion prismatic joints is

proposed for the stiffness and dynamic models. Structure synthesis ofXYZ-FPMs with

large motion range and decoupled kinematic structure is studied. Different from the

structure synthesis of rigid-body mechanisms, the possible configurations are proposed

based on the Screw Theory, with the consideration of limitations and characteristics in-

herent in flexure mechanisms. In flexure mechanisms, the critical static performances

include stiffness, workspace, stage size and parasitic motion. The stiffness models of

these synthesized structures are formulated. The definition of motion range is proposed

based on the workspace and the stage size. A dimension optimization approach based

on these static performances is generalized. Based on thesegeneralized study of flex-

ure mechanisms, a 3-PPPXYZ-FPM with large motion range and decoupled kinematic

structure is developed, covering structure design, dimension optimization, exact model-

ing and robust control. The experimental results show that the 3-PPPXYZ-FPM has a

large workspace of2.3mm × 2.3mm × 2.3mm and a large motion range of7%. The

decoupled kinematic structure is verified, with the maximumcross-axis error of2% and

the maximum parasitic rotation of1.5mrad. The hybrid position and vibration control

algorithm using theH∞-theory solves three common problems of flexure mechanisms,

i.e., unmodeled uncertainties due to the difficulty of exactmodeling of high-order mode

shapes, high sensitivity to the external disturbances, andvibration caused by inherent



low damping. Using the designed controller and verified by the experiments, the posi-

tioning precision of0.1µm is achieved, and the settling time is shortened to0.1s after

vibration suppression.
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Chapter 1

Introduction

1.1 Motivation

As defined in Salamon [4] and Howell [5], a compliant mechanism is one which gains all

or part of its mobility from the relative flexibility of its members unlike as in rigid-body

mechanisms. The Webster’s definition of the word “compliant” is “ready or disposed to

comply: submissive”. It is for this reason that the usage of “compliant mechanism” to

refer to this class of mechanisms is deemed as appropriate [6]. Compliant mechanisms

are desirable because, as noted by Her [7] and Sevak and McLarnan [8], they require

fewer parts and have less wear, noise, and backlash than their rigid-body counterparts.

Her and Midha [9] add that the field of compliant mechanisms will continue to grow as

stronger and more resilient materials are developed. Sincecompliant mechanisms uti-

lize their flexure hinges, in some studies, compliant mechanisms are also called flexure

mechanisms [10] [11].

Studies and invasive surgeries of cells and tiny biologicaltissue are important for re-

search in biology, physiology and biomechanics. They are critical to the health and

functions of tissues and organs of the body. Therefore, the micro-instruments with high

precision are needed. Flexure mechanisms with the advantages of no backlash, no ac-

cumulative error and high precision, provide a good solution. The Center of Research

in Microengineering leaded by Menciassi [12] has designed a microgripper (shown in

Fig. 1.1(b)), and applied it in microsurgery of microtubes (shown in Fig. 1.1(a)).

2
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(a) Microsurgery under microscope (b) Flexure-based microgripper

Figure 1.1: Flexure mechanisms’ application to microsurgery

Micro-manipulators have also been increasingly importantin silicon cutting, wire bound-

ing and chip assembly in the semiconductor industry. The positioning precision of flex-

ure mechanisms can reach nano-scale, and they have been extensively utilized. The

nano-scale cutting machine for silicon wafer has been worked out by Furutani [13] (shown

in Fig. 1.2).

In the space operations, the gravity is approximately zero,which makes lubrication of

devices impossible. Flexure mechanisms with the advantageof no need of lubrication

can be extensively used in the field of aerospace. The Swiss Center for Electronics and

Microtechnology (CSEM) [14] applied flexure mechanisms to the space meteorological

interferometer (shown in Fig.1.3).

Flexure mechanisms can also be applied to optical fiber alignment. The coaxial degree

error of two connected optical fiber components affects the power transmission through

the optical fiber. Usually, the requirement of the coaxial degree for a single-mode optical

fiber is higher than0.5µm. Optics for Research (OFR) [15] has used flexure-based fine-

tuning stage (shown in Fig.1.4(b)) to mount the splitters.

Prompted by applications in micromanipulation, studies onhigh-precision flexure-based

micromanipulators have been important. Development of theflexure-based microma-

nipulator covers mechanism design, modeling and control. However, there are several

problems in the current research of flexure mechanisms, in the aspects of mechanism

design, modeling and control.
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Figure 1.2: Flexure mechanisms’ application to nano cutting machine

(a) Corner cube mechanism (CCM) for a

space meteorological interferometer
(b) Cross section of CCM

Figure 1.3: Flexure mechanisms’ application to aerospace

(a) A walk-off polarizer application (b) Flexure-based 3-axis aiming base

Figure 1.4: Flexure mechanisms’ application to optical fiber alignment
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In the aspect of mechanism design, there are two problems. The first problem is the

limited workspace. Most of the current 6-degree-of-freedom (DOF) and low-mobility

flexure mechanisms have the limited workspaces in the scale of or below 100µm ×

100µm × 100µm. In some micro/nano-manipulations, such workspaces can meet the

requirements, such as cell surgery, MEMS assembly, etc. However, in other microma-

nipulations, larger workspace is required, such as microscope, optical alignment, etc.

The workspace near and more than1mm is regarded to be large in the micromanipu-

lation. The conventional rigid-body manipulator cannot achieve both the workspace in

the scale of millimeter and the precision in the scale of submicronmeter. Thus, flexure

mechanisms with large workspace in the scale of millimeter become important in the

view of both research and practical applications. The second problem is the coupled

kinematic structure. Most of the current multi-DOF flexure mechanisms possess the

coupled kinematic structures. In high-precision flexure mechanisms, the coupled kine-

matic structure had better be avoided. It is because that it is difficult to exactly formulate

multi-dimensional deformations of flexible components, and the errors due to coupling

are not easy to be compensated. Study on flexure mechanisms with fully decoupled

kinematic structures is critical to ensure the expected high positioning precision. More-

over, among the current decoupledXYZflexure mechanisms, mechanism design is on

case-by-case basis. Thus, the systematic study on decoupled XYZflexure mechanisms

becomes necessary.

In the aspect of modeling, exact modeling methods for flexurehinges have been for-

mulated by Lobontiu [16], as well as an approximate modeling approach, pseudo-rigid-

body (PRB) method [17], for flexure mechanisms. However, there is no exact modeling

method for both statics and dynamics of complete flexure mechanisms.

In the aspect of control of flexure mechanisms, there are three problems needed to be

solved, i.e., unmodeled uncertainties caused by modeling difficulty and omission of

high-order mode shapes, vibration due to inherent low damping of flexure mechanisms,

and high sensitivity to external disturbances. High positioning precision and fast dy-

namic response can be ensured simultaneously, if the above three problems are solved

in one designed controller. The conventional and the current advanced control algo-

rithms concentrate on either position control or vibrationcontrol of flexure mechanisms.
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Thus, the hybrid controller with both position control and vibration control for flexure

mechanisms becomes necessary.

1.2 Objective and Scope of Research

Inspired by the practical application and the research necessity, the study ofXYZ-flexure

parallel mechanisms (FPMs) with large motion range and decoupled kinematic structure

becomes critical. The main issues in this research are illustrated in Fig.1.5.

Structure synthesis

Low-mobility flexure mechanisms with decoupled kinematic structures have the advan-

tages over multi-DOF and coupled flexure mechanisms, with the consideration of high

precision. The current studies of decoupledXYZ-FPMs are based on the case by case. In

this research, the configurations of decoupledXYZ-FPMs are synthesized, and the limi-

tations common in flexure mechanisms are investigated. Simultaneously, the feature of

large motion range is also what we are concerned. The large motion range is given a

quantitative definition, balanced between the workspace and the stage size. A new type

of prismatic joint with large motion range is designed and evaluated by the given defini-

tion. Applying the new type of prismatic joint, the synthesizedXYZ-FPMs can achieve

large motion range.

Dimension optimization

In flexure mechanisms, the static performances are critical. Many studies of optimal de-

sign aim at obtaining the satisfactory static performances. The main static performances

can be summarized as stiffness, workspace, stage size and parasitic motion. These four

parameters are all determined by or related to the dimensions of flexure mechanisms.

The current studies of dimension optimization do not consider all of the static perfor-

mances. Thus, the dimension optimization method considering all of these static perfor-

mances is generalized, and the relationships of these four parameters are stated by the

several given definitions in this research.

Exact modeling
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Structure 
synthesis

Dimension 
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Development of 3-PPP XYZ-FPM

Robust position control and vibration 
control of 3-PPP XYZ-FPM

Study of XYZ-FPMs with large motion rang and 
decoupled kinematic structure

Study of 3-PPP XYZ-FPM

Figure 1.5: Main issues in this research

PRB method is a quick and approximate solution of modeling for derivation of stiffness

and dynamics. It is quite convenient in design stage, such asused in dimension opti-

mization for obtaining the optimal dimension values by giving a simplified formulation

describing the target performance. However, PRB is not accurate enough for control

usage. More accurate the analytical dynamic equation, higher precision the closed-loop

system. The current exact compliance formulations only consider flexible hinges, not

complete flexible structures, and are not yet easy to be applied to dynamics modeling.

In this research, an exact modeling method is formulated forboth static and dynamic

analyses of theXYZ-FPMs.

Development of 3-PPPXYZ-FPM

Based on the systematic studies ofXYZ-FPMs, i.e., structure synthesis, dimension opti-

mization and exact modeling, a 3-prismatic-prismatic-prismatic (PPP)XYZ-FPM is de-

signed, modeled and fabricated. The 3-PPPXYZ-FPM has the advantages of large mo-

tion range, decoupled kinematic structure and small parasitic motion. The mechanism

design, optimal design and exact modeling are verified by theexperimental results of the



Chapter 1 8

3-PPPXYZ-FPM.

Hybrid position and vibration control with high robustness

The three common problems in flexure mechanisms, unmodeled uncertainties, sensitiv-

ity of external disturbances and small damping, deteriorate the positioning precision and

fast response. They are expected to be solved simultaneously in one controller. The

current controllers solve either position control or vibration control. In this research, the

hybrid controller is designed, with position control to ensure the tracking performance

and vibration control to suppress oscillation. In the meanwhile, high robustness of the

controller is achieved. The hybrid controller with robustness solves the above three com-

mon problems, and is implemented in the developed 3-PPPXYZ-FPM.

1.3 Overview of Chapters

The remaining chapters of this thesis are organized as follows.

• Chapter 2 reviews some previous studies in the areas of structure design, modeling

method and control algorithm.

• Chapter 3 addresses structure synthesis of the large-displacement and decoupled

XYZ-FPMs. Moreover, the fundamental components of large-motion prismatic

joints are investigated, and a new type is designed.

• Chapter 4 formulates the stiffness models of the synthesized XYZ-FPMs in Chap-

ter 3. An exact modeling method for the designed large-motion prismatic joint is

proposed for both static and dynamic analyses.

• Chapter 5 proposes a generalized dimension optimization approach based on the

static performances of flexure mechanisms. The structure design of a 3-PPPXYZ-

FPM with large motion range and decoupled kinematic structure is conducted.

Dimensions of the 3-PPPXYZ-FPM are determined using this approach. The exact

model of the 3-PPPXYZ-FPM is also formulated using the exact modeling method

proposed in Chapter 4.
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• Chapter 6 discusses the prototype of the 3-PPPXYZ-FPM and the experiments.

The experimental results show that the proposed 3-PPPXYZ-FPM is large-motion

and decoupled, and the nonlinear modeling method is more accurate than the PRB

method.

• Chapter 7 presents design and implementation of the robust control algorithm to

achieve a high positioning precision of0.1µm and less vibration.

• Chapter 8 addresses conclusions, contributions and futureworks.



Chapter 2

Literature Review

This chapter surveys the current research on the flexure-based micromanipulators, in

terms of mechanism design, modeling and control. The necessity of this research work

is also elaborated.

2.1 Flexure Hinge

In rigid-body mechanisms, the desired motions at the end-effector are achieved by func-

tion of assembled prismatic (P) joints, revolute (R) joints, universal (U) joints and spher-

ical (S) joints. As the counterparts of these joints in rigid-body mechanisms, flexure

hinges are most flexible components in flexure mechanisms, and motions of flexure

mechanisms can be achieved mainly through deformations of flexure hinges. In flexure

mechanisms, single- and multi-axis flexure hinges can function as revolute joints and

spherical joints, however, there are no flexure hinges that can be directly used as pris-

matic joints. Prismatic joints are achieved utilizing the parallelogram structures, which

will be introduced Section 2.2.

2.1.1 Single-Axis Flexure Hinge

Leaf springs are earliest studied and applied among flexure hinges. Leaf springs under

different loads and different constraints are studied by Smith [18]. Its sensitive axis is

10
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sensitive axis

(a) Leaf spring

sensitive axis

(b) Circular

y=f(x): elliptical/parabolic/
hyperbolic funtion

sensitive axis
(c) Conic

sensitive axis

(d) Corner-filleted

Figure 2.1: Single-axis flexure hinges

perpendicular to the plane in Fig.2.1, and its sensitive motion is bending about the sen-

sitive axis. The sensitive axis is defined as the axis along oraround which the stiffness is

minimum. The nonsensitive axis is defined as the axis along oraround which the stiff-

ness is relatively large. In design of flexure mechanisms, the sensitive-axis deformation

should be utilized to achieve the desired motion, and the nonsensitive-axis deformation

should be avoided. The advantage of leaf springs is that theycan achieve large motion

range. Nevertheless, their lengthwise axis stiffness is large, prone to buckling under the

axial compressive load and stiffening in the presence of theaxial tensile load.

To increase the stiffness ratio of the nonsensitive axis to the sensitive axis, many re-

searchers develop and study new flexure hinges with elliptical, parabolic, hyperbolic

and corner-filleted cross sections [16]. Their sensitive axes are also perpendicular to

the plane in Fig.2.1, and the sensitive motions are bending about the sensitive axes.

Stress concentration usually occurs at the surface of the thinnest portion, which limits

the maximum bending.
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(a) Two-axis eccentric flexure hinge (b) Two-axis concentric flexure hinge

Figure 2.2: Two-axis flexure hinges

(a) Three-axis eccentric flexure

hinge

(b) Three-axis concentric flexure

hinge

Figure 2.3: Three-axis flexure hinges

2.1.2 Multi-Axis Flexure Hinge

Multi-axis flexure hinges can be categorized into two types,eccentric and concentric.

As illustrated in Fig.2.2, universal flexure hinges have eccentric and concentric struc-

tures [19]. The first type is a serial combination of two single-axis flexure hinges. For

compactness required in some applications, the second type, with concentric structure is

developed. Similarly, spherical flexure hinges also have eccentric and concentric struc-

tures [19, 20], shown in Fig.2.3. Usually, concentric structures are complicated to be

fabricated.

2.2 Flexure Mechanism

There are many flexure mechanisms in the current research. Flexure mechanisms can be

categorized as different types according to different classification viewpoints. Classified

by the principles of the actuation manner, the contact manner and the structure type, the
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Revolute joint

Cable connected 
to VCA

Figure 2.4: 2-DOF five-bar mechanism

current studies of flexure mechanisms are introduced as follows.

2.2.1 Flexure Mechanism Classified by Actuation Manner

According to the actuation manner, flexure mechanisms can becategorized as the linear-

actuated and the rotary-actuated types. In linear-actuated flexure mechanisms, actuation

forces are applied at the ends of mechanisms, and all of flexure hinges are passive. For

example, the 2-DOF five-bar micromanipulator, designed by Goldfarb [21] (shown in

Fig. 2.4), is linearly driven via cables pulled by voice coil actuators. The 3-DOF bridge-

type manipulator, designed by Kim [22] (shown in Fig.2.5), is linearly actuated by the

piezoelectric (PZT) tube. The workspaces of these flexure mechanisms are limited by

maximum elastic deformations of all passive flexure hinges.

Another type is rotary-actuated flexure mechanisms, developed by Ceccarelli [23] (shown

in Fig. 2.6). In the 3-RRU manipulator, two revolute flexural joints in each limb are ro-

tarily actuated by two SMA lines. Thus, the two revolute flexural joints are active. Com-

pared to the above type of flexure mechanisms in which all of flexure hinges are passive,

the active-flexure-hinge mechanism has the feature of largeworkspace. It is because that

the rotary actuators mounted on flexure hinges reduce stressconcentration by enforcing

change of elastic deflection of flexural joints.
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Figure 2.5: 3-DOF bridge-type mechanism

SMA wire

Figure 2.6: Binary actuated parallel mechanism
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2.2.2 Flexure Mechanism Classified by Contact Manner

According to the contact manner, flexure mechanisms can be classified as the contact-

aided and the non-contact types. Most of flexure mechanisms are usually designed and

used in their linear areas, in which the input of force or displacement and the output of

displacement can be approximated using a straight line. Examples can be found in the

platforms mentioned in the next section.

In another situation, the relationship between the input and the output is not required

to be linear, and nonlinear relationship is demanded. Nonlinearity can be achieved by

contact-aided flexure mechanisms, e.g. Fig.2.7 [24].

Figure 2.7: Contact-aided planar mechanism

2.2.3 Flexure Mechanism Classified by Structure Type

Similar to rigid-body mechanisms, flexure mechanisms have several commonly used

structures, i.e., 6-DOF,XY θZ , θXθY Z andXYZ, XY, and 1-DOF platforms.
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Figure 2.8: 6-DOF fine-motion Stewart platform

6-DOF Platform

A 6-DOF fine-motion platform (shown in Fig.2.8) developed by Oiwa [25] is the compli-

ant counterpart of the rigid-body Steward platform . The similar six-SPS-limb structure

is used. The prismatic joint is actuated by the built-in PZT actuator.

The 6-DOF nano-manipulation platform designed by MIT research group [26] is a serial

combination of two parallel stages,XY θZ andθXθY Z platforms (shown in Fig.2.9).

The translational workspace can reach140µm× 140µm× 140µm, and the orientational

workspace can achieve2.4◦ × 2.4◦ × 7.6◦.

The 6-DOF nano-manipulator with planar structure (shown inFig. 2.10) is designed by

Culpepper et al. [27]. The two-axis magnetic actuators are used to accomplish in-plane

and out-of-plane actuation. The nano-manipulator was experimentally proved to possess

the resolution of5nm in the small-scale range of100nm × 100nm × 100nm, and the

motion error less than0.2% in the large-scale range of100µm × 100µm × 100µm.

3-DOF Platform

XY θZ Platform

Most of XY θZ platforms have planar structures. For example, Yi [28] has designed a

planarXY θZ platform, which has the workspace of100µm × 100µm × 0.1◦ (shown
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Figure 2.9: 6-DOF hybrid nano-manipulator

Figure 2.10: 6-DOF nano-manipulator with planar structure
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(a) Prototype of 3-RRRXY θZ platform (b) Schematic of 3-RRRXY θZ Stage

Figure 2.11: 3-RRRXY θZ platform

�� ������� 	��
�����
���� ������������ ������������ 	��
�
Figure 2.12: Leaf-basedXY θZ platform

in Fig. 2.11). The stiffnesses of the translational motions along the X-and Y-axes are

9.50N/mm and9.45N/mm, and the stiffness of the rotation about the Z-axis is0.062N ·

m/deg.

A planarXY θZ platform (shown in Fig.2.12) using three folded leaf spring has been

worked out by Chen [29]. Within the range of15µm in translation and0.07◦ in rotation,

the deformation shows a good linearity to the applied force.The stiffness of the transla-

tional motion is19.38N/mm and that of the rotation is11.62mN ·m/deg. This flexure

platform is experimentally proved that it has a potential application to the optical switch

assembly.

A spatialXY θZ platform (shown in Fig.2.13) using leaf springs is developed by Chen [30].
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(a) Prototype of spatialXY θZ platform

(b) Schematic of spatialXY θZ platform

Figure 2.13: SpatialXY θZ platform
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(a) Prototype of Orion miniangle platform

robot output

pivot
slider

universal joint
ball joint

(b) Schematic of Orion miniangle platform

Figure 2.14: Orion minangleθXθY Z platform

This spatial structure avoids the problem of flexure buckling. The translational workspace

is±50µm×±50µm, and the rotary range is4.4mrad. The X-axis translational motion

is activated by one electromagnetical actuator along the X-axis, and the Y-axis trans-

lational motion is pushed synchronously by the two electromagnetical actuators along

the Y-axis. The rotation about the Z-axis is actuated asynchronously by the two same

electromagnetical actuators along the Y-axis.

θXθY Z Platform

Limited by manufacturing technology and with the consideration of time-exhaustive

computation for coupled kinematics, multi-DOF flexure mechanisms are replaced by

low-mobility flexure mechanisms arranged in serial.θXθY Z platforms are one com-

mon type of low-mobility structures. Most ofθXθY Z platforms have spatial parallel

structures. For example, EPFL group [31] has worked out aθXθY Z platform (shown in

Fig. 2.14) with the rotation range of±15◦. The three pivot sliders are connected to the

linear actuators.

XYZPlatform

XYZ platforms are another type of low-mobility structures. Liu[32] worked out a

3-RRPR compliant micromanipulator (shown in Fig.2.15) for gene injection. The

workspace is about200µm × 400µm × 400µm, and the repeatability reaches0.1µm.



Chapter 2 21

(a) Prototype of 3-RRPR compliant microma-

nipulator

(b) Schematic of 3-RRPR compliant micro-

manipulator

Figure 2.15: 3-RRPR compliant micromanipulator

However, the kinematics of this structure is coupled.

Koseki [33] proposed a 3-limb parallel structure (shown in Fig.2.16) for a translational

3-DOF flexure mechanism. Three PZT actuators are mounted to push the middle plate

of the limb. However, this structure is also coupled.

TheXYZDelta platform (shown in Fig.2.17) with the dimension of200mm×200mm×

200mm studied by Clavel et al. [34] has a large workspace more than1mm × 1mm ×

1mm and a high positioning precision of10nm, and the linear stiffness is30N/mm.

TheXYZplatform utilizes an isotropic structure to achieve the three decoupled transla-

tional motions, and this characteristics simplifies the control algorithm without complex

decoupling calculation.

2-DOF Platform

XYplatforms have planar structures, and are actuated in-plane. The main problems are

the cross-axis error and the rotation error in-plane. Through synthesis and with the

consideration of small cross-axis error and small rotationerror, Awtar [10] designed

a large-displacement and small-parasitic-motionXY platform with the dimension of

300mm × 300mm (shown in Fig.2.18). The workspace can reach5mm × 5mm. This

platform is of symmetric structure and under symmetric constraints, therefore its cross-

axis error is on the order of one part in one thousand and yaw error is on the order of a
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(a) Prototype of translational 3-DOF

micro-parallel mechanism

(b) Limb of translational 3-DOF

micro-parallel mechanism

Figure 2.16: Translational 3-DOF micro-parallel mechanism

(a) Prototype ofXYZDelta platform
(b) Prismatic joints ofXYZ Delta

platform

Figure 2.17:XYZDelta platform by EPFL
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(a) Schematic ofXYPlatform (b) Prototype ofXYPlatform

Figure 2.18:XYplatform

few arc second.

Single-DOF Prismatic Joint

The prismatic joint is expected to generate a linear motion without parasitic motions,

when a linear force is applied. The parasitic motion in the prismatic joint is defined as

the cross-axis coupling between the two translational motions. The conventional pris-

matic joint [35] is shown in Fig.2.19(a). The drawbacks of this type of prismatic joint

are parasitic motion and small motion range. When there is noDOF-constraint perpen-

dicular to the actuation direction, the parasitic motion along this direction will occur.

When the DOF-constraint perpendicular to the actuation direction is applied, the axial

tensile load will be generated in flexure hinges, which leadsto linear stiffness increas-

ing of the prismatic joint. The improved prismatic joint [35, 36] in Fig. 2.19(b)solves

these two problems. However, its drawback is the asymmetricstructure without uniform

thermal expansion. To solve the asymmetry problem, such twoidentical joints can be

combined to form a symmetric prismatic joint (shown in Fig.2.19(c)), and the linear

stiffness is doubled.

Another type of prismatic joint (shown in Fig.2.20) was designed by Kota [37]. This
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(a) Conventional prismatic joint (b) Improved large-motion prismatic joint

(c) Symmetric large-motion pris-

matic joint

Figure 2.19: Prismatic joints
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Figure 2.20: Large-motion prismatic joint by Kota

type of prismatic joint has the advantages of large motion range, small axis drift, less

stress concentration, high off-axis stiffness and compactness. The drawback is difficulty

of fabrication using metal material cutting by wire electro-discharge machining (EDM)

as described in [37], and it was fabricated using plastic injection molding. Hence, the

stiffness of the mechanism will be limited by its material.

Lobontiu [38] designed a new type of prismatic joint (shown in Fig.2.21) that can be

easily fabricated. However, the prismatic joint cannot produce large motion, because the

notch hinges will bear the axial compressive loads when the forces are exerted on the

two lateral stages. Moreover, the large axial compressive loads may lead to buckling in

the notch hinges, when the axial compressive loads increaseto a critical value.

2.2.4 Contributions to Mechanism Design

In the above sections, design of flexure mechanisms has been investigated. However,

there are several problems summarized from the current research.

Problem of Single-DOF Prismatic Joint

In Section2.2.3, five types of prismatic joints have been investigated, the advantages

and disadvantages of the five prismatic joints are evaluatedin the aspects of buckling,

stiffening and parasitic motion, listed in Table2.1. Before addressing the advantages and
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(a) Structure of prismatic joint
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(b) Deformation of prismatic joint

Figure 2.21: Large-motion prismatic joint by Lobontiu
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Figure 2.22: Buckling
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Figure 2.23: Stiffening

disadvantages, here the definitions of buckling, stiffening and parasitic motion are given

to facilitate understanding the problems.

Buckling is defined as a phenomenon of structural instability characterized by loss of

the equilibrium state when the external load reaches a critical value [16]. The external

load mentioned here is specifically referred to the externalcompressive force along the

lengthwise axis. The buckling phenomena is shown in Fig.2.22. The fifth prismatic

joint suffers the problem of buckling, because the input forces are applied along the

lengthwise axes of the flexure hinges.

When the slender flexure hinge is subject to the combined moment and the axial tensile

load, the axial tensile load will enlarge the angular-moment stiffness about the sensitive

axis. Stiffness increasing under the heavy tensile load is called as stiffening [18] (shown

in Fig. 2.23). The first prismatic joint suffers the problem of stiffening, if the movable

stage is constrained along the axis perpendicular to the actuation direction.

Parasitic motions are generally defined as the undesirable motions. The undesirable
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Table 2.1: Evaluation of prismatic joints

Advantages Disadvantages

easy to fabricate parasitic motion, stiffen

(small motion range)

large motion range, no para-

sitic motion

asymmetric structure (non-

uniform thermal property)

large motion range, no para-

sitic motion, uniform thermal

property

doubled stiffness

large motion range, no para-

sitic motion, uniform thermal

property

low stiffness in non-sensitive

axis, hard to fabricate

no parasitic motion, uniform

thermal property

buckling
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motions can be categorized as many different types. For example, if the translational

motion of one subject is desired, the motions along or aroundother axes are regarded as

parasitic motions. The first prismatic joint suffers the problem of parasitic motion, if the

movable stage is not constrained along the axis perpendicular to the actuation direction,

as shown in Fig.2.19(a).

Therefore, in this research work, it is necessary to design anew type of prismatic joint

which has no the above problems. Design of the new type of prismatic joint will be

addressed in Chapter 3.

Coupling Problem of Multi-DOF Platform

From the investigation in Section2.2.3, it can be concluded that the 6-DOF platforms

have a common problem of coupling. In rigid-body mechanisms, the analytical models

are possible to be exactly formulated and decoupling control algorithms can be imple-

mented. However, these studies cannot be directly utilizedto model and control the flex-

ure mechanisms. The first reason is that in rigid-body mechanisms, the DOFs along or

around the different axes of the joints are independent, whereas, in flexure mechanisms,

the deformations of flexure hinges are interactional. Hence, it is difficult to derive the

exact model of the coupled flexure mechanism. The second reason is that the expected

precision of flexure mechanisms is much higher than that of rigid-body mechanisms, and

usually the error caused by coupling may be much larger than the expected precision in

flexure mechanisms. In control algorithm implementation, it is complicated to compen-

sate the coupling error limited by the resolutions of the hardwares. Thus, coupling in

flexure mechanisms should be avoided to ensure the expected high precision. Multi-

DOF motions in flexure mechanisms can be achieved by serial combination of several

low-mobility and fully decoupled flexure stages. In general, the low-mobility and fully

decoupled flexure mechanisms are needed to be studied.

Motion Range Problem of Platform

Motion range is another critical problem in flexure mechanisms. Concluded from the

flexure mechanisms mentioned in this chapter, most of them have the limited workspace

below the scale of millimeter, for example the platforms [26] [27] [28] [30] [32] . Few
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platforms can possess the workspace in the scale of millimeter, for example the ones [34]

[10]. However, the large-workspace platforms possess the large stage size. In the micro-

manipulation applications, the platform is expected to be compact limited by the mount-

ing space. Usually, if the dimensions of flexure mechanisms increase, the workspace will

increase accordingly. Thus, in miniature flexure mechanisms, the motion range should

be defined related to not only the achievable workspace but also the stage size. Here we

give the definition of the motion range as follows.

Definition 2.1: Motion range is defined as the ratio of the achievable workspace to the

stage size,

β =
workspace

maximum dimensionof stage size
.

The maximum workspace is determined by the yielding limit ofthe material. For a

certain stage size, a larger value ofβ means that the motion range is larger. The flexure

mechanisms with a large value ofβ is regarded to be large-motion.

The low-mobility platforms, introduced in Section2.2.3and2.2.3, are evaluated with

the workspace, the stage size and the motion range (listed inTable2.2). From Table2.2,

it can be seen that the workspaces of most flexure mechanisms are limited within several

hundred micrometer, and the motion ranges are mostly below1/500. It is important to

develop flexure mechanisms with large workspace and large motion range as well. This

thesis focuses on this issue, and the dimension optimization in Chapter 5 is based on

these criteria.

Table 2.2: Evaluation of flexure mechanisms

Stages Workspace Stage size Motion range β

XY [ 10] 5mm × 5mm 300mm × 300mm 1/60

6-DOF [27] 100µm × 100µm ×

100µm

> 100mm × 100mm < 1/1000

XY θZ [28] 100µm× 100µm× 0.1◦ > 200mm × 200mm < 1/2000

XY Z [32] 200µm × 400µm ×

400µm

> 100mm × 100mm ×

100mm

< 1/500
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2.3 Structure Synthesis of DecoupledXYZFlexure Mech-

anisms

As explained in Section2.2.4, the coupling problem of multi-DOF flexure mechanisms

leads to difficulty of exact modeling and compensation. Thus, the study on low-mobility

and fully decoupled flexure mechanisms is important. Among low-mobility flexure

mechanisms, theXYZ platform is a fundamental type. TheXYZplatforms can be de-

signed to be fully decoupled, and in such fully decoupled structures, exact modeling and

precise position control become possible. TheXYZplatform can be easily incorporated

with other type of low-mobility platform to form a multi-DOFplatform, and it also has

the extensive applications in the micromanipulation, including the fine-tuning platforms

in microscope and fiber alignment.

In Section2.2.3, severalXYZflexure mechanisms have been introduced, but they are

studied on case-by-case basis. Structure synthesis ofXYZflexure mechanisms has been

studied by Arai using Lie Group Theory [39], and 3-3R1P and 3-2R2P configurations

are proposed. Nevertheless, these synthesized structuresare coupled. Currently, there is

no research focused on structure synthesis of decoupledXYZflexure mechanisms. Thus,

the study on structure synthesis of decoupledXYZflexure mechanisms in this research

work is meaningful.

Structure synthesis of decoupledXYZflexure mechanisms can be studied referring to the

approaches for rigid-body mechanisms, i.e., the constraint synthesis approach based on

the screw theory [40, 41, 40, 42, 43, 44], and the Lie sub-group approach based on the

algebraic properties of a Lie group of the Euclidean displacement set [45, 46, 47].

Nevertheless, structure synthesis of flexure mechanisms isnot totally the same as that of

rigid-body mechanisms. Due to limitation of fabrication, maximum elastic deformation,

buckling, stiffening and so on, flexure mechanisms have moreconstraints on structural

configurations. The methodologies suitable to rigid-body mechanisms cannot be directly

applied to flexure mechanisms. The issue of structure synthesis of flexure mechanisms

will be addressed in Chapter3.
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Figure 2.24: Notch hinge

2.4 Modeling Method

Flexure mechanisms are composed of flexure hinges and relatively rigid connection

links. The modeling approaches can be categorized into two types. In the first method,

the lumped-compliance type, all deformations are regardedto be concentrated in flex-

ure hinges, and the connection links are considered as rigid. In the second method, the

continuous-compliance type, flexure hinges and connectionlinks are both regarded to be

flexible.

In the first method, modeling of flexure hinges is critical. Asmentioned in Section2.1,

flexure hinges have four types classified by the cross section, i.e., leaf spring, circu-

lar, conic and corner-fillet. Smith [18] has formulated deflections of leaf springs un-

der different loads and different constraints, including the axial compressive forces, the

combined axial and tangential loads, and the combined axialand tangential loads plus a

moment applied to the free end. Modeling of circular-, conic- and corner-fillet-sections

flexure hinges is more difficult than that of leaf springs, because the cross-section area

of notch hinges is variant. Paros and Weisbord [19] used basic beam theory to derive

deflection of the circular-section notch hinge (shown in Fig. 2.24). The notch hinge is

assumed to possess 5 DOFs, i.e., three translational DOFs along the X-, Y- and Z-axes,

and two rotational DOFs about the Y- and Z- axes. The compliance matrix (5 × 5) of

the 5-DOF motions has been derived, and can be used to calculate deflections at the

free end. Based on Paros and Weisbord’s study, Lobontiu [16] extended compliance

study to notch hinges with tdifferent cross sections. Flexure hinges with circular-, conic-

and corner-filleted-sections are studied, and the compliance matrices of flexure hinges
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are formulated. However, these three methods have limitations. The exact compliance

formulations of flexure hinges can be used to the stiffness models of entire flexure mech-

anisms, but it is difficult to derive the dynamic equations offlexure mechanisms. In order

to obtain both the static and dynamic models of flexure mechanisms, Howell [17] pro-

posed an approximate method, the PRB method. The PRB method assumes notch hinges

as single- or multi-axes center-fixed revolute joints, and links connecting the centers of

every two notch hinges as rigid components. The method has been extensively used

to approximately formulate static stiffness and dynamics of flexure mechanisms using

notch hinges, for example [48, 49, 50, 51, 52, 53, 54]. However, as this method is an

approximate solution, there is some difference from the experimental results.

In the second method, both flexure hinges and connection links are assumed as flexible

components. Finite element method (FEM) is based on this assumption. The principle

of FEM is that the flexible components are divided by some nodes, and the divided

portions are formulated and connected by the constraint conditions. Du [55] proposed a

nonlinear FEM model, which considered geometric nonlinearity due to large deflection.

Chen [56], Maute [57] and Farid [58] used FEM to formulate the exact dynamic models

of flexure mechanisms. Whereas, the computation work will beheavy if the flexible

component has a variant section area, and the accuracy mainly depends on the density of

meshing nodes. Currently, some commercial softwares such as ANSYS, ABAQUS, etc.

have been used for numerical analysis of flexure mechanisms.

Therefore, an exact analytical modeling method is requiredfor both stiffness and dy-

namic models of flexure mechanisms. In this thesis, such method is proposed for mod-

eling of the large-displacement prismatic joints addressed in Chapter 4.

2.5 Control Algorithm

In order to develop the flexure-based micromanipulator withhigh positioning precision

and fast response, the control algorithm is critical. The control algorithms for flexure

mechanisms are required to solve the following problems.

• Unmodeled uncertainty
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In the actual operation, high-order mode shapes which are not desired and diffi-

cult to be modeled are also stimulated. The current modelingmethods are also

difficult to formulate completely exact models of flexure mechanisms. The dif-

ference between the analytical model and the actual plant iscalled as unmodeled

uncertainty. The control algorithm is required to possess robustness to unmodeled

uncertainties.

• Vibration due to low damping

Damping in flexure mechanisms is caused by thermal dissipation during elastic

deformations, and the value of thermal dissipation is small. Small damping leads

to vibration of flexure mechanisms. The control algorithm isalso required to sup-

press vibration.

• External disturbance

Since the desired positioning precision of flexure mechanisms is high at micro- or

nano-scale, the external disturbances, i.e., the electricnoise, the external vibration,

etc., will reduce the precision. The control algorithm should possess robustness to

the external disturbances.

In current research, there are several control algorithms designed for flexure mecha-

nisms, including PID control, state feedback control, neural network control, sliding

mode control andH∞-control.

PID and State Feedback Control

An improved PID controller was designed for 3-DOF micropositioning tower by Jouaneh [59].

Different from the conventional PID controller, the improved PID controller possesses

partial robustness, achieved by a 6th-order dynamic model using system identification,

combined with a 4th-Chebyshev filter for high-order uncertainties. State feedback [60]

was used to the controller of a micropositioning tool by Okazaki [61].

However, these two control algorithms are not fully robust,because robustness to un-

modeled uncertainties mainly depends on the accuracy of dynamic models obtained from

system identification. Moreover, robustness to external disturbances and vibration sup-

pression are not solved by these two control algorithms.
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Neural Network Control

Yesildirek [62] proposed a neural network controller for joint-position tracking of flexible-

link manipulators using the singular perturbation techniques. The key feature of the ap-

proach is that no exact knowledge of the dynamics of the robotarms is assumed for the

controller, and no off-line training is required for the neural network.

Talebi [63] developed the neural-network based controllers for tip-position tracking of

flexible-link manipulators utilizing the modified output redefinition approach. The neu-

ral controllers have no need for a priori knowledge of the payload mass. The perfor-

mance of the controllers is demonstrated by simulations fora two-link planar flexible

manipulator and by experiments for a flexible single-link testbed.

In the system designed by Cheng [64], the neural network technique was introduced to

the stable tracking control of a flexible macro-micro manipulator system. A two-layer

neural network is utilized to approximate the nonlinear robot dynamic behavior of this

system, and the controllers for the macro and micro arms are developed without any

need for prior knowledge of the dynamic model. A learning algorithm for the neural

network using the Lyapunov stability theory is derived. Both the tracking error and the

weight-tuning error are uniformly bounded under this new control scheme.

Sliding Mode Control

Sliding mode control [65, 66] is a systematic approach for the flexure-based system. The

expected performances can be designed as the sliding surfaces, and the boundaries are

estimated with the consideration of unmodeled uncertainties and external disturbances.

All the states within the boundaries tend toward the surfaceand slide on the surface

ultimately. Therefore, robustness of the flexure-based micromanipualtor can be ensured,

even without an exact dynamic model.

In the mechanism developed by Woronko [67], a flexure slider was used to establish a

piezoelectric tool actuator, and this actuator was for precision machining on the conven-

tional CNC turning centers. Uncertainties are from the cutting force disturbances during

precision machining and piezoelectric nonlinearity . A sliding mode controller is imple-

mented which provides wide bandwidth and high tool positioning precision, and at the
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same time rejects the uncertainties mentioned above.

Another example of the sliding mode control is for position control of a compliant mech-

anism based micromanipualtor which has the three translational DOFs [68]. The compli-

ant mechanism possesses a large motion range, and thus structural nonlinearity occurs.

The unmodeled uncertainties result from the parameter variations of the inertias and the

masses of both the flexible and rigid components, and the stiffnesses associated with the

split-tube flexures. The sliding controller verifies the tracking performance and the de-

sired bandwidth, with the consideration of the structural nonlinearity and the unmodeled

uncertainties.

H∞-Control

Another robust control algorithm [69, 70] that can be used for flexure mechanisms is

H∞-control. Briefly, the theory ofH∞-control is to design a controller to minimize

the H-norms of transfer functions from the unmodeled uncertainties, the external distur-

bances or positioning error to the external outputs.

An H∞-controller usingµ-synthesis is designed by Karkoub [71] for a flexible rotary

beam. TheH∞-controller is designed for tracking performance, robust to unmodeled

dynamics, input and actuation uncertainties and noise.

Low damping is a common problem in flexure mechanisms. Damping of flexure mecha-

nisms is due to energy dissipation during deformation, and thus the value is quite small.

Low damping will lead to vibration, and the dynamic responsewill be slow. Vibra-

tion suppression is required to be considered in design of control algorithm.H∞-robust

controllers can achieve vibration control, such as [72, 73, 74].

In this thesis, a hybrid controller is designed based on theH∞-theory. Hybrid position

and vibration control realizes both tracking performance and vibration suppression, with

robustness to unmodeled uncertainties and external disturbances.
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Structure Synthesis of Large-Motion

and DecoupledXYZ-FPMs

The three-translational rigid-body parallel mechanisms have been synthesized and ana-

lyzed by Jin [75], Gao [76], Huang [40], Frisoli [77], Huang [78] and Gosselin [79, 80].

A new group-decoupled parallel mechanism, which can also achieve the three decoupled

translational motions, is studied by Jin [81, 82]. However, these studies are related to

rigid-body mechanisms. Structure synthesis of flexure mechanisms is different from that

of rigid-body mechanisms. In this chapter, structure synthesis of large-motion and de-

coupledXYZ-FPMs is systematically studied. Section 3.1 summarizes the characteristics

of flexure mechanisms, which are different from those of rigid-body mechanisms, and

represents these characteristics as the constraint conditions of structure synthesis of flex-

ure mechanisms. To configure large-motionXYZ-FPMs, the fundamental component,

the prismatic joint, is designed in Section 3.2. Subjected to the summarized constraint

conditions and using the new type of prismatic joint, decoupled XYZ-FPMs are syn-

thesized in Section 3.3. The mobilities of the synthesized large-motion and decoupled

XYZ-FPMs are also analyzed in Section 3.3.

37
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Electrode

Workpiece

Figure 3.1: EDM manufacturing process

3.1 Characteristics of Flexure Mechanisms

Structure synthesis of flexure mechanisms is not totally identical to that of rigid-body

counterparts. Differences include workspace, available joint types, actuated joint types,

and phenomena of stiffening and buckling. These differences limit the configurations of

flexure mechanisms. The main limitations are summarized as follows.

Limitation of Available Joint

In rigid-body mechanisms, all of prismatic joints, revolute joints, universal joints and

spherical joints can be assembled to configure the structures. Whereas, in flexure mech-

anisms, types of available joints used in flexure mechanismsare limited because of man-

ufacturing techniques. The common manufacturing method isEDM, the manufacturing

process being shown in Fig.3.1. The workpieces manufactured by EDM method possess

the uniform thickness. Leaf springs and flexure hinges introduced in Section 2.1.1 are

produced by cutting the extra materials, and uniform-thickness flexure blades are pro-

duced. The multi-DOF flexure hinge with a concentric axis introduced in Section 2.1.2 is

seldom used because the thickness is not uniform and fabrication is complicated. There-

fore, in flexure mechanisms, only revolute joints and prismatic joints are available. Short

leaf springs and flexure hinges can function as revolute joints. Prismatic joints have no

direct counterparts, and are replaced by flexure hinge-based parallelogram chains. The

structure of prismatic joints has been introduced in Section 2.1.3, and a new type will be

addressed in Section 3.2.
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Limitation of Actuation Joint

There are two types of commercial high-precision actuatorscommonly used in flexure

mechanism, PZT actuators and VCAs. Both of them are linear actuators, which produce

forces to push flexure mechanisms. Correspondingly, in flexure mechanisms, the actua-

tion joint is the prismatic joint, and all revolute joints are passive. Thus, each kinematic

limb of the flexure mechanism possesses at least one prismatic joint closely connected

to the base, which is actuated by PZT actuators or VCAs.

Avoidance of Stiffening and Buckling

The definition of buckling has been given in Section 2.2.4. Briefly speaking, it is caused

by the axial compressive load exerted on the slender beam. Thus, in order to avoid

the phenomenon of buckling, the structure constraint of flexure mechanisms can be de-

scribed that, the actuation force should not be collinear with or parallel to the lengthwise

axes of flexure hinges.

The definition of stiffening has also been given in Section 2.2.4. Briefly speaking, it is

caused by the axial tensile load exerted on the slender beam.Therefore, this structure

constraint can be represented that, for structure design offlexure mechanisms, extension

along the lengthwise axes of flexure hinges should be compensated and nullified, to

avoid the phenomenon of stiffening.

Limitation of Manufacturing

The common fabrication method for flexure mechanisms has been mentioned in Fig.3.1.

For single flexure hinges, those with uniform thickness (shown in Fig. 2.1) can be

manufactured by the current techniques such as EDM. However, for concentric flex-

ure hinges (shown in Fig.2.2(b)and Fig.2.3(a)), it is quite difficult to be manufactured.

Thus, in the kinematic limb, only one-DOF joints can be integrated. Furthermore, the

sensitive-axes of revolute joints in one kinematic limb areparallel.
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3.2 Design of Large-Motion Prismatic Joint

In Section 2.2.3, several types of conventional prismatic joints are investigated, and in

Section 2.2.4, their problems are studied. Thus, it is necessary to design a new type

of prismatic joint with large motion range, no parasitic motion, no buckling and no

stiffening. The new type of prismatic joint is designed, as shown in Fig.3.2.

Its linear stiffness is the same as that of the prismatic joint in Fig.2.19(b), if the radiusR

of the flexure hinges, the thicknesst, the lengthL and the widthb are identical to those of

the prismatic joint in Fig.2.19(b). Their working principles are also identical. The main

difference is the secondary stages. If the secondary stage in Fig. 2.19(b)is divided into

two pieces, and the two separated portions are rotated+90◦ and−90◦ respectively, the

structure becomes that in Fig.3.2. Since the structure is symmetry, two secondary stages

in Fig. 3.2 behave identically, like that of one monolithic workpiece.When a forceFY

along the Y-axis is exerted, the motion stage produces a linear displacement along the

Y-axis. In the meanwhile, two secondary stages produce halfof displacement along the

Y-axis at the motion stage, and move slightly along the X-axis to nullify the axial load of

the flexure hinges. No tensile or compressive axial loads of the flexure hinges means that

no buckling and no stiffening occur. The deflection under theload ofFY is illustrated

in Fig. 3.2(b). This type of prismatic joint can be used as the fundamental module to

configure large-motion flexure mechanisms.

This type of prismatic joint is not the same as that designed by Lobontiu [38] in Fig. 2.21.

The differences are the input and output stages. As shown in Fig. 2.21, the input forces

are exerted on the lateral stages, and the output displacement is generated from the cen-

tral upper stage. Differently, the new type of prismatic joint has the same input and

output stage.
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(a) Structure (b) Deformation

Figure 3.2: New large-motion prismatic joint

3.3 Structure Synthesis of DecoupledXYZ-FPMs

3.3.1 Preliminary of Screw Theory

As mentioned in Section 2.3, the general methods previouslyused for structure synthesis

can be divided into two types, the constraint synthesis approach based on the screw

theory [40, 41, 40, 42, 43, 44], and the Lie sub-group approach based on the algebraic

properties of a Lie group of the Euclidean displacement set [45, 46, 47]. The screw

theory is selected as the method of structure synthesis of decoupledXYZ-FPMs. The

fundamental of the screw theory is briefly introduced.

A screw is represented as

$ =



















[

s , r × s + hs
]

if h is not infinite
[

0 , s
]

if h = ∞
[

s , r × s
]

if h = 0

, (3.1)

wheres is an unit vector along the axis of the screw$, r is the vector directed from any

point on the axis of the screw to the origin of the reference frame O-XYZ, andh is a

scaler which is the pitch of the screw. Whenh is zero, the unit screw is associated with

a revolute joint or a force, and is given by$ = (s, s × r) = (l m n ; a b c). Whenh is

infinite, the unit screw is associated with a prismatic jointor a moment, and is given by

$ = (0 ; s) = (0 0 0 ; l m n) [83].

A screw$ , is called as a twist, if the first vector represents the instant angular velocity

and the second vector represents the linear velocity. A screw $ , is called as a wrench,

if the first vector represents the resultant force and the second vector represents the mo-

ment. ξ0, ξ∞, ζ0 andζ∞ are used to represent a twist of 0-pitch, a twist of∞-pitch, a
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wrench of 0-pitch and a wrench of∞-pitch. Physically, they represent an allowed ro-

tary motion, an allowed translational motion, an constrained translational motion and an

constrained rotary motion.

An m order screw system is associated with a reciprocal(6−m) screw system. The twist

system of a kinematic connection represents all motions by the connection in a given

position. The wrench system of the connection represents all constraints that can be

transmitted by the connection. The twist system and the wrench system of the connection

are uniquely related by reciprocity [77, 83, 84].

The twist system of two connections acting in series is the combination of the systems of

the individual connection. The twist system of two connections acting in parallel is the

intersection of the systems of the individual connection. The reciprocal system, i.e., the

wrench system of two connections acting in series, is the intersection of the reciprocal

systems of the individual connection. The reciprocal systems of multi-connection acting

in parallel is the combination of the reciprocal system of the individual connection [83].

For a parallel manipulator, the end-effector is constrained by several limbs, i.e., its DOF

is determined by the combination of all the contact wrenches. The constraint-synthesis

method proposed by Huang [40] is based on this theory.

3.3.2 General Procedure of Structure Synthesis of Decoupled XYZ-

FPMs

According to the screw theory briefly introduced above, in any general configuration,

the twist system of theXYZ-FPM is a 3-ξ∞-system. Since the virtual power developed

by any ζ∞ along any twist within the 3-ξ∞-system is zero, the wrench system of the

XYZ-FPM is thus a 3-ζ∞-system. As the wrench system of a parallel kinematic structure

is the linear combination of those of all its legs in any configuration, it is then concluded

that the wrench system of any leg in a parallel kinematic structure is aci (0 ≤ ci ≤ 3)-

ζ∞-system in any general configuration.

In Pham’s thesis [85], the concept of the selective-actuation mechanism is proposed. The

selective-actuation mechanism is defined as a mechanism possessing a diagonal-form
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Jacobian matrix. That means that a mechanism is considered as a selective-actuation

mechanism when the infinitesimal end-effector motion alongevery DOF is driven by

only one specified actuator. The stiffness matrices of selective-actuation mechanisms are

diagonal. Based on the concept, the structures of the decoupledXYZ-FPMs are designed

to be the parallel combinations of three limbs in orthogonalconfiguration.

Thus, the general procedure of structure synthesis of the decoupledXYZ-FPMs can be

summarized as follows.

• Step 1: Perform structure synthesis of the 3-ζ∞-system kinematic limbs.

• Step 2: Generate the decoupledXYZ-FPMs using the kinematic limbs in Step 1.

• Step 3: Check the mobilities of the decoupledXYZ-FPMs.

3.3.3 Structure Synthesis of Kinematic Limbs

The kinematic limbs of the decoupledXYZ-FPMs should satisfy the following condi-

tions.

1. The wrench system of the kinematic limb is aci (0 ≤ ci ≤ 3)-ζ∞-system.

2. The kinematic limb possesses at least one prismatic joint, and one prismatic joint

closely connected to the base is actuated by the linear actuator.

3. All the lengthwise axes of flexure hinges are not collinearwith or parallel to the

actuation axis, in order to avoid stiffening and buckling.

Table3.1lists the kinematic limbs satisfying the above conditions.The structures of the

kinematic limbs are shown in Fig.3.3. Among the synthesized kinematic limbs, all the

axes of the prismatic joints are perpendicular to each another. The kinematic limbs of

PPRR and PRRP are prone to the problem of stiffening. Thus, the kinematic limbs of

PPP, PRRR, PPRRR and PRRRP are adopted to configure the decoupled XYZ-FPMs.
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Figure 3.3: Kinematic limbs
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Table 3.1: Kinematic limbs with aci-ζ∞-system

Ci Limb type Geometric conditions

3 PPP Three axes of three prismatic joints are perpendicular to each another.

2 PRRR The axis of the prismatic joint is perpendicular to the planeof RRR-

PPRR -limb. The axes of the prismatic joints are perpendicular toeach another.

PRRP The lengthwise axis of the revolute joint is not collinear with or parallel

1 PPRR to the actuation axis.

PRRRP

3.3.4 Enumeration and Mobility Analysis of DecoupledXYZ-FPMs

The kinematic limbs have been synthesized in the previous section. In this section, the

decoupledXYZ-FPMs are configured based on the above limbs.

The 3-PPRRR (shown in Fig.3.4(b)) 3-PRRRP (shown in Fig.3.4(c)), 3-PPP (shown in

Fig. 3.4(d)) and 3-PRRR (shown in Fig.3.4(a)) configurations are proposed. In the syn-

thesized decoupledXYZ-FPMs, two fundamental components, i.e., the prismatic joint

designed in Section 3.2 and the RRR-limb shown in Fig.3.5, are used to configure the

XYZ-FPMs. The flexure hinges used in the prismatic joint and the RRR-limb are the

same, the single-axis circular type shown in Fig.2.1(b). As addressed in Section 2.1.2,

the single-axis flexure hinges include the leaf spring, the circular, the conic-section and

the corner-fillet types. The circular type is selected because of the following three rea-

sons. The first reason is that the circular flexure hinge has a large stiffness ratio of the

nonsensitive-axis to the sensitive-axis, which means small parasitic motion of flexure

mechanisms. The second reason is easy manufacturing. The common manufacturing

method of flexure mechanisms is EDM. The geometric accuracy of the circular notch

hinge can be easily and precisely achieved by the current EDMtechnique. The third

reason is possibility of exact modeling. Besides the leaf spring type, the circular type is

easier to be exactly modeled than others such as the conic-section and corner-fillet types.

To avoid the phenomena of stiffening and buckling, the RRR-limb is under the following
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Figure 3.4: Structures of decoupledXYZ-FPMs

constraint. In Fig.3.5, if the desired translational motions at the end-effector of the

combined 3-limb mechanism are along theUi-, Vi- andWi-axes, the lengthwise axis,

i.e., theli-axis, in the local coordinate of the flexure hinge should notbe parallel to any

of theUi-, Vi- andWi-axes.

The first configuration is the 3-PPP structure. Since a PPP-limb constrains all the ro-

tations about the three axes, and the constrained motions ofthe 3-PPPXYZ-FPM are

all the rotations, which are the combination of those of eachlimb. It means that the

end-effector, the intersection point of the three limbs, can achieve the three translational

motions.
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The second configuration is the 3-PRRR structure, shown in Fig. 3.3(b). The twist sys-

tem of the PRRR-limb in theUi − Vi − Wi coordinate can be represented as

$i1 = ( 0, 0, 0 ; 0, 0, n1 ),

$i2 = ( 0, 1, 0 ; 0, 0, c2 ),

$i3 = ( 0, 1, 0 ; a3, b3, c3 ),

$i2 = ( 0, 1, 0 ; a4, b4, c4 ).

The constraint system of Limb i is

$r
i1 = ( 0, 0, 0 ; 1, 0, 0 ),

$r
i2 = ( 0, 0, 0 ; 0, 0, 1 ).

It means that in theUi − Vi − Wi coordinate, the rotary motions about theUi- andWi-

axes of Limb i are constrained. The constrained rotary motions of each PRRR-limb can

be given as

i = 1, (U1, V1, W1) = (X, Y, Z), θXθZ ,

i = 2, (U2, V2, W2) = (Y, Z, X), θY θX ,

i = 3, (U3, V3, W3) = (Y, Z, X), θY θX .

The constrained motions of the 3-PRRRXYZ-FPM are the combination of those of each

PRRR-limb

(θX , θZ) ∪ (θY , θX) ∪ (θY , θX) = (θX , θY , θZ).
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Thus, the end-effector of the 3-PRRRXYZ-FPM can achieve the three translational mo-

tions.

The third configuration is the 3-PPRRR structure. The twist system of the PPRRR-limb

in Fig. 3.3(e)can be given as

$i1 = ( 0, 0, 0 ; 0, 0, n1 ),

$i2 = ( 0, 0, 0 ; l2, m2, 0 ),

$i3 = ( 0, 1, 0 ; a3, b3, 0 ),

$i4 = ( 0, 1, 0 ; a4, b4, c4 ),

$i5 = ( 0, 1, 0 ; a5, b5, c5 ).

The constraint system of Limb i is

$r
i1 = ( 0, 0, 0 ; 1, 0, 0 ),

$r
i2 = ( 0, 0, 0 ; 0, 0, 1 ).

The constrained rotary motions of each PPRRR-limb can be given as

i = 1, (U1, V1, W1) = (X, Y, Z), θXθZ ,

i = 2, (U2, V2, W2) = (Y, Z, X), θY θX ,

i = 3, (U3, V3, W3) = (Y, Z, X), θY θX .

The constrained motions of the 3-PPRRRXYZ-FPM are the combination of those of

each PPRRR-limb

(θX , θZ) ∪ (θY , θX) ∪ (θY , θX) = (θX , θY , θZ).

The forth configuration is the 3-PRRRP structure. The twist system of the PRRRP-limb

in Fig. 3.3(f) can be given as

$i1 = ( 0, 0, 0 ; 0, 0, n1 ),

$i2 = ( 0, 1, 0 ; 0, 0, c2 ),

$i3 = ( 0, 1, 0 ; a3, b3, c3 ),

$i4 = ( 0, 1, 0 ; a4, b4, c4 ),

$i5 = ( 0, 0, 0 ; l5, m5, n5 ).
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The constraint system of Limb i is

$r
i1 = ( 0, 0, 0 ; 1, 0, 0 ),

$r
i2 = ( 0, 0, 0 ; 0, 0, 1 ).

The constrained rotary motions of each PRRRP-limb can be given as

i = 1, (U1, V1, W1) = (X, Y, Z), θXθZ ,

i = 2, (U2, V2, W2) = (Y, Z, X), θY θX ,

i = 3, (U3, V3, W3) = (Y, Z, X), θY θX .

The constrained motions of the 3-PRRRPXYZ-FPM are the combination of those of

each PRRRP-limb

(θX , θZ) ∪ (θY , θX) ∪ (θY , θX) = (θX , θY , θZ).

For each type of limb, the three identical limbs are arrangedorthogonally and intersect

at the end-effector. The structures of the decoupledXYZ-FPMs are shown in Fig.3.4.

3.4 Summary

This chapter has studied the differences between flexure mechanisms and rigid-body

mechanisms, in the aspects of available joint type, actuation joint, manufacturing, buck-

ling and stiffening. These differences make structure synthesis of flexure mechanisms

different from that of rigid-body mechanisms. The differences have been summarized

as the structure constraints of structure synthesis of flexure mechanisms. Structure syn-

thesis of the decoupledXYZ-FPMs is especially studied in this chapter. With the con-

sideration of the structure constraints, the kinematic limbs of the decoupledXYZ-FPMs

are synthesized. The decoupledXYZ-FPMs are enumerated, and their mobilities are

analyzed. As the fundamental component of flexure mechanisms, a new type of large-

motion prismatic joint has also been designed, with the advantages of no parasitic mo-

tion, no buckling, no stiffening and geometric symmetry.
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Modeling of SynthesizedXYZ-FPMs

Modeling ia another important issue for study and development of flexure mechanisms,

besides structure design. An exact model is critical to design, evaluate and control flex-

ure mechanisms. Flexure hinges require an exact modeling method, and entire flexure

mechanisms also require an exact modeling method to describe their static and dynamic

behaviors. This chapter addresses the modeling issue of flexure mechanisms. Section 4.1

proposes an exact modeling method to formulate the static and dynamic behaviors of the

new prismatic joint designed in Chapter 3, based on the continuous-compliance assump-

tion. The exact stiffness model of the RRR-limb is formulated in Section 4.2, based on

the study on the compliances of flexure hinges by Lobontiu [16]. Since the new prismatic

joint and the RRR-limb are the fundamental components of theXYZ-FPMs synthesized

in the previous chapter, the exact stiffness matrices of theXYZ-FPMs are given in Sec-

tion 4.3, based on the compliance formulations of the prismatic joint in Section 4.1 and

the RRR-limb in Section 4.2.

4.1 Modeling of Prismatic Joint

4.1.1 Necessity of Exact Modeling

Before introduction of the proposed exact modeling method,necessity of exact modeling

is explained here. The current modeling methods can be categorized into two types, i.e.,

50
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(a) PRB approximation (b) Actual deformation

Figure 4.1: Comparison between PRB approximation and actual deformation

the lumped-compliance method and the continuous-compliance method. The lumped-

compliance approach assumes that the flexible components are the flexure hinges, and

the connection links are rigid. The continuous-complianceapproach assumes that both

the flexure hinges and the connection links are flexible. The study on the compliances

of flexure hinges by Lobontiu [16] is under the assumption of the lumped-compliance

approach. Lobontiu has formulated the exact compliance matrices of flexure hinges, and

the stiffness models of entire flexure mechanisms can be derived, based on the lumped-

compliance assumption. The drawback of this approach is that it is limited in modeling

of the static behaviors of entire flexure mechanisms, such asthe stiffness, and the dy-

namic behaviors of entire flexure mechanisms cannot be obtained.

Another common lumped-compliance approach is the PRB method. The PRB method

can be used to describe the static and dynamic behaviors of entire flexure mechanisms.

However, the PRB approach is an approximate method for analytical formulations. There

are mainly two reasons to explain that.

First, in the PRB theory, the flexure hinge is treated as a center-fixed revolute joint (shown

in Fig. 4.1(a)) with the constant angular stiffness when no axial load exists, and the con-

nection link between the centers of every two notch hinges isregarded as rigid limb.

Such approximation may lead to the stiffness error. Actually, the notch hinge deforms

more like an end-fixed beam than a center-fixed revolute joint(shown in Fig.4.1(b)).

Second, in the PRB theory, the potential energy is deemed to be caused by deformation

of the flexure hinge, and the kinetic energy to be from the rigid motion of the connection

link. Such approximation will introduce the mass error. Actually, the flexure hinge also

contributes to the kinetic energy, especially when the massof the flexure hinge is not
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negligible compared to that of the connection link.

Therefore, an exact modeling method is proposed for modeling of both the stiffness and

dynamic equations. In this method, both flexure hinges and connection links are regarded

as deformable beams. The method is based on the continuous-compliance assumption.

Deformation of each part is exactly represented with nonlinear integral equations.

In the previous chapter, a new type of large-motion prismatic joint has been designed (shown

in Fig. 3.2), and used to configure the large-motion and decoupledXYZ-FPMs. In this

section, the exact modeling method for this type of prismatic joint is introduced, to for-

mulate the statics and dynamic equations. This method can also be used to model the

large-motion prismatic joints in Fig.2.19(b)and Fig.2.19(c). The prismatic joint can

be regarded as an equivalent second-order system represented by the combination of a

linear spring and a mass. The objective of all the modeling methods is to obtain the

equivalent stiffness and mass.

4.1.2 Equivalent Stiffness Modeling of Prismatic Joint

As illustrated in Fig.4.2(a), the prismatic joint consists of one motion stage, two sec-

ondary stages and four limbs. The motion stage and the secondary stages are regarded

as rigid, and the limbs are treated as flexible. Each limb (shown in Fig. 4.2(b)) con-

sists of three parts, two circular-flexure hinges (Part I andPart III) and one connection

link (Part II). PointsP0 ∼ P3 are the ends of Part I∼ Part III, respectively. When the

forceF is applied to the motion stage, the motion stage produces a linear displacement

u without any parasitic motion, and the secondary stages produce half of the displace-

ment u
2

at the motion stage. In the meanwhile, the secondary stages move a slight dis-

placementδ perpendicular to the direction ofF . The slight displacementδ nullifies the

internal tensile force along the lengthwise axis of the limb. Moreover, there are no any

rotations at the secondary stages. Limb 1 is connected to theground at one end, and to

the secondary stage at the other end. Limb 2 is connected to the secondary stage at one

end, and to the motion stage at the other end. It can be seen that Limb 1 and Limb 2 are

in serial and deform in the same manner. Limb 3 and Limb 4 are inparallel with Limb 1

and Limb 2, and deform in the same manner. Both of them deform to generate half of
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the linear displacementu
2

at the motion stage. Therefore, each limb can be regarded as a

fixed-end beam with the constraint of zero angular displacements in both ends, as shown

in Fig. 4.2(b). When the forceF is exerted on the motion stage, a quarter of the applied

force, F
4
, is distributed on each limb, as shown in Fig.4.2(b). At the same time, an inter-

nal momentM3 is generated because of the constraint of zero angular displacement at

the pointP3.

Each limb is divided into three portions, Part I, Part II and Part III. Each portion is

regarded to possess the continuous-compliance. For each portion, the moments of inertia

I1(α), I2(x) andI3(β) are,

I1(α) =
2b(h − R cos α)3

3
−

π

2
≤ α ≤

π

2
, (4.1)

I2(x) =
bh3

12
, (4.2)

I3(β) =
2b(h − R cos β)3

3
−

π

2
≤ β ≤

π

2
. (4.3)

The momentsM1(α), M2(x) andM3(β) are,

M1(α) =
F (L + R − R sin α)

4
+ M3 −

π

2
≤ α ≤

π

2
, (4.4)

M2(x) =
F (L + 2R − x)

4
+ M3 2R ≤ x ≤ L + 2R, (4.5)

M3(β) =
F (R − R sin β)

4
+ M3 −

π

2
≤ β ≤

π

2
. (4.6)

Thus, the angular displacements can be calculated as

θ1(α) =

∫

M1(α)

EI1(α)
R cos αdα, (4.7)

θ2(x) =

∫

M2(x)

EI2(x)
dx, (4.8)

θ3(β) =

∫

M3(β)

EI3(β)
R cos βdβ, (4.9)

whereE is the Young’s modulus. No angular deformations are generated at the two ends

of the beam in Fig.4.2(b), and the three portions in one limb are connected continuously.

Thus, the constraints can be represented as

θ1(−
π

2
) = 0, (4.10)

θ2(2R) = θ1(
π

2
), (4.11)

θ3(−
π

2
) = θ2(L), (4.12)

θ3(
π

2
) = 0. (4.13)
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By solving equations (4.10) to (4.13), the internal momentM3 can be obtained as

M3 = −FR/4. (4.14)

By substituting (4.14) into equations (4.7) to (4.9), and integrating equations (4.7) to

(4.9), the linear displacements and the constraints can be represented as

Y1(α) =

∫

θ1(α)R cos αdα, (4.15)

Y1(−
π

2
) = 0, (4.16)

Y2(x) =

∫

θ2(x)dx, (4.17)

Y2(2R) = Y1(
π

2
), (4.18)

Y3(β) =

∫

θ3(β)R cos βdβ, (4.19)

Y3(−
π

2
) = Y2(L). (4.20)

By solving equations (4.15) to (4.20), the linear displacementY3(
π
2
) at P3 can be ob-

tained, and the linear stiffness of the single limb can be calculated as

KY −FY
=

F/4

Y3(
π
2
)
, (4.21)

The equivalent linear stiffness of the prismatic joint is identical to that of the single limb

KP = KY −FY
. (4.22)

4.1.3 Equivalent Mass Modeling of Prismatic Joint

After calculation of the equivalent linear stiffness of theprismatic joint, the equivalent

mass needs to be formulated. Under the assumption that the mass is continuously dis-

tributed in both the flexure hinges and the connection links,the kinetic energy of the
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prismatic joint can be calculated as

T =

∫ π
2

−π
2

ρA1(α)(
d(Y1(α))

dt
)2R cos αdα

+

∫ L

2R

ρA2(x)(
d(Y2(x))

dt
)2dx

+

∫ π
2

−π
2

ρA3(β)(
d(Y3(β))

dt
)2R cos βdβ

+ (m1
1 + m1

2 + m1
3 + mS)(

d(Y3(
π
2
))

dt
)2

+
1

2
mM (

d(2Y3(
π
2
))

dt
)2, (4.23)

whereρ is the density. The cross-section areasA1(α), A2(x) andA3(β) at any points of

the three parts are

A1(α) = 2(h − R cos α)b −
π

2
≤ α ≤

π

2
, (4.24)

A2(x) = 2hb, (4.25)

A3(β) = 2(h − R cos β)b −
π

2
≤ β ≤

π

2
. (4.26)

Therefore, the equivalent mass of the prismatic joint is

M∗

V =
T

2(
d(Y3(π

2
))

dt
)2

. (4.27)

4.1.4 Dynamic Modeling of Prismatic Joint

As mentioned above, in physical sense, the prismatic joint are equivalent to a second-

order system with a linear spring and a mass. The objectives of all the modeling methods

are to obtain the equivalent stiffness and the equivalent mass of the equivalent second-

order system. Using the proposed exact modeling method in this section, the equivalent

stiffness and the equivalent mass of the new prismatic jointdesigned in the previous

chapter have been formulated. Thus, the dynamic behavior ofthe prismatic joint can be

represented as,

F = M∗

v Ÿ + KP Y. (4.28)
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4.2 Stiffness Modeling of RRR-Limb

The stiffness modeling of the RRR-limb is based on the lumped-compliance assump-

tion. The compliance is regarded to exist in the flexure hinges, and the exact compliance

matrices of the flexure hinges have been formulated by Lobontiu [16]. Based on the

Lobontiu’s study, the exact compliance matrices of the RRR-limb is derived in this sec-

tion. The RRR-limb is illustrated in Fig.4.3. The two links in the RRR-limb are designed

to be perpendicular to each other. When the external forcesFU andFV are applied on

the tip of the limb, the loads at the nodeP1 inside the limb can be given as

FU1 = −FU cos θ + FV sin θ, (4.29)

FV 1 = FU sin θ + FV cos θ, (4.30)

MW1 = (6R + L1 + L2)(FU sin θ + FV cos θ) − MW5. (4.31)

The displacements atP1 under the above loads can be represented in the local coordinate

of U1 − V 1 − W 1 as










uU1

uV 1

θW1











=











CR
l−Fl

0 0

0 CR
m−Fm

CR
m−Mn

0 CR
θn−Fm

CR
θn−Mn





















FU1

FV 1

MW1











. (4.32)

The3×3 matrix describes the exact compliances of the circular-flexure hinge in its local

coordinate ofl − m − n, studied by Lobontiu [16],

CR
l−Fl

=
1

Ew
[

2(2R + t)
√

t(4R + t)
arctan

√

1 +
4R

t
−

π

2
], (4.33)

CR
m−Fm

=
3

4Ew(2R + t)
{2(2 + π)R + πr +

8R3(44R2 + 28Rt + 5t2)

t2(4R + t)2

+
(2R + t)

√

t(4R + t)[−80R4 + 24R3t + 8(3 + 2π)R2t2]
√

t5(4R + t)5

+
(2R + t)

√

t(4R + t)[4(1 + 2π)Rt3 + πt4]
√

t5(4R + t)5

−
8(2R + t)4(−6R2 + 4Rt + t2)

√

t5(4R + t)5
arctan

√

1 +
4R

t
}, (4.34)
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CR
m−Mn

= CR
θn−Fm

=
24R2

Ewt3(2R + t)(4R + t)3
[t(4R + t)(6R2 + 4Rt + t2)

+ 6R(2Rt)
2
√

t(4R + t) arctan

√

1 +
4R

t
], (4.35)

CR
θn−Mn

=
CR

m−Mn

R
. (4.36)

The local coordinate ofl − m − n in the first link is identical to that ofU1 − V 1 − W 1.

The angular displacement atP1 can be calculated as

θW1 = [CR
m−Mn

+CR
θn−Mn

(6R+L1 +L2)](FU sin θ+FV cos θ)−CR
θn−Mn

MW5. (4.37)

Similarly, the loads atP2 are

FU2 = −FU cos θ + FV sin θ, (4.38)

FV 2 = FU sin θ + FV cos θ, (4.39)

MW2 = (4R + L1 + L2)(FU sin θ + FV cos θ) − MW5. (4.40)

The displacements atP2 can be represented in the local coordinate ofU1 − V 1 −W 1 as










uU2

uV 2

θW2











=











CL
l−Fl

0 0

0 CL
m−Fm

CL
m−Mn

0 CL
θn−Fm

CL
θn−Mn





















FU2

FV 2

MW2











. (4.41)

The above3 × 3 matrix describes the exact compliances of the leaf spring inits local

coordinate ofl − m − n, also studied by Lobontiu [16],

CL
l−Fl

=
L0

Ewt
, (4.42)

CL
m−Fm

=
4L3

0

Ewt3
, (4.43)

CL
m−Mm

= CL
θn−Fm

=
6L2

0

Ewt3
, (4.44)

CL
θn−Mn

=
12L0

Ewt3
. (4.45)

The angular displacement atP2 can be calculated as

θW2 = [CL
m−Mn

+ CL
θn−Mn

(4R + L1 + L2)](FU sin θ + FV cos θ)−CL
θn−Mn

M5. (4.46)
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The loads atP3 are given as

FU3 = −FU cos θ + FV sin θ, (4.47)

FV 3 = FU sin θ + FV cos θ, (4.48)

MW3 = (2R + L1 + L2)(FU sin θ + FV cos θ) − MW5. (4.49)

The displacements are










uU3

uV 3

θW3











=











CR
l−Fl

0 0

0 CR
m−Fm

CR
m−Mn

0 CR
θn−Fm

CR
θn−Mn





















FU3

FV 3

MW3











. (4.50)

The angular displacement atP3 is

θW3 = [CR
m−Mn

+ CR
θn−Mn

(2R + L1 + L2)](FU sin θ + FV cos θ)−CR
θn−Mn

M5. (4.51)

The loads atP4 are given as

FU4 = FU sin θ + FV cos θ, (4.52)

FV 4 = FU cos θ − FV sin θ, (4.53)

MW4 = 2R(−FU cos θ + FV sin θ) + MW5. (4.54)

The displacements are










uU4

uV 4

θW4











=











CL
l−Fl

0 0

0 CL
m−Fm

CL
m−Mn

0 CL
θn−Fm

CL
θn−Mn





















FU4

FV 4

MW4











. (4.55)

Thel−m−n coordinate of the3× 3 compliance matrix is the same asU1 − V 1 −W 1.

The angular displacement atP4 is

θW4 = (CL
m−Mn

− CL
θn−Mn

2R)(FU cos θ − FV sin θ) + CL
θn−Mn

MW5. (4.56)

The loads atP5, the tip of the limb, are

FU4 = FU sin θ + FV cos θ, (4.57)

FV 4 = FU cos θ − FV sin θ, (4.58)

MW5 = MW5. (4.59)
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The displacements are










uU5

uV 5

θW5











=











CR
l−Fl

0 0

0 CR
m−Fm

CR
m−Mn

0 CR
θn−Fm

CR
θn−Mn





















FU5

FV 53

MW5











. (4.60)

The angular displacement at the tip is

θW5 = CR
m−Mn

(FU cos θ − FV sin θ) + CR
θn−Mn

MW5. (4.61)

The RRR-limb, the same as the prismatic joint, is a fundamental component to form the

limb of theXYZ-FPM. Since theXYZ-FPMs synthesized in the previous chapter have 3-

DOFs of the three translational motions, and all the rotations are constrained, the rotation

at the tip of the RRR-limb is also constrained. Thus,

θW1 + θW2 + θW3 − θW4 − θW5 = 0

[CR
m−Mn

+ CR
θn−Mn

(6R + L1 + L2)](FU sin θ + FV cos θ) − CR
θn−Mn

MW5 +

[CL
m−Mn

+ CL
θn−Mn

(4R + L1 + L2)](FU sin θ + FV cos θ) − CL
θn−Mn

MW5 +

[CR
m−Mn

+ CR
θn−Mn

(2R + L1 + L2)](FU sin θ + FV cos θ) − CR
θn−Mn

MW5 −

(CL
m−Mn

− CL
θn−Mn

2R)(FU cos θ − FV sin θ) − CL
θn−Mn

MW5 −

CR
m−Mn

(FU cos θ − FV sin θ) − CR
θn−Mn

MW5 = 0. (4.62)

The internal momentMW5 can be solved from the above equation,

MW5 = A1FU + A2FV , (4.63)
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where

A1 = {[CR
m−Mn

+ CR
θn−Mn

(6R + L1 + L2)] sin θ

+ [CL
m−Mn

+ CL
θn−Mn

(4R + L1 + L2)] sin θ

+ [CR
m−Mn

+ CR
θn−Mn

(2R + L1 + L2)] sin θ

− (CL
m−Mn

− CL
θn−Mn

2R) cos θ

− CR
m−Mn

cos θ}/(3CR
θn−Mn

+ 2CL
θn−Mn

), (4.64)

A2 = {[CR
m−Mn

+ CR
θn−Mn

(6R + L1 + L2)] cos θ

+ [CL
m−Mn

+ CL
θn−Mn

(4R + L1 + L2)] cos θ

+ [CR
m−Mn

+ CR
θn−Mn

(2R + L1 + L2)] cos θ

+ (CL
m−Mn

− CL
θn−Mn

2R) sin θ

+ CR
m−Mn

sin θ}/(3CR
θn−Mn

+ 2CL
θn−Mn

). (4.65)

SubstitutingMW5 into (4.4), the translational displacements atP1 can be rewritten as





uU1

uV 1



 =





CR
l−Fl

0 0

0 CR
m−Fm

CR
m−Mn















− cos θ sin θ

sin θ cos θ

A3 A4















FU

FV



 , (4.66)

θW1 = CR
m−Mn

(sin θFU + cos θFV ) + CR
θn−Mn

(A3FU + A4FV ), (4.67)

where

A3 = (6R + L1 + L2) sin θ − A1, (4.68)

A4 = (6R + L1 + L2) cos θ − A2. (4.69)

At P2,





uU2

uV 2



 =





CL
l−Fl

0 0

0 CL
m−Fm

CL
m−Mn















− cos θ sin θ

sin θ cos θ

A5 A6















FU

FV



 , (4.70)

where

θW2 = CL
m−Mn

(sin θFU + cos θFV ) + CL
θn−Mn

(A5FU + A6FV ), (4.71)
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A5 = (4R + L1 + L2) sin θ − A1, (4.72)

A6 = (4R + L1 + L2) cos θ − A2. (4.73)

At P3,





uU3

uV 3



 =





CR
l−Fl

0 0

0 CR
m−Fm

CR
m−Mn















− cos θ sin θ

sin θ cos θ

A7 A8















FU

FV



 , (4.74)

θW3 = CR
m−Mn

(sin θFU + cos θFV ) + CR
θn−Mn

(A7FU + A8FV ), (4.75)

where

A7 = (2R + L1 + L2) sin θ − A1, (4.76)

A8 = (2R + L1 + L2) cos θ − A2. (4.77)

At P4,





uU4

uV 4



 =





CL
l−Fl

0 0

0 CL
m−Fm

CL
m−Mn















sin θ cos θ

cos θ sin θ

A9 A10















FU

FV



 , (4.78)

θW4 = CL
m−Mn

(cos θFU + sin θFV ) + CL
θn−Mn

(A9FU + A10FV ), (4.79)

where

A9 = 2R sin θ − A1, (4.80)

A10 = 2R cos θ − A2. (4.81)

At P5,





uU5

uV 5



 =





CR
l−Fl

0 0

0 CR
m−Fm

CR
m−Mn















sin θ cos θ

cos θ sin θ

A1 A2















FU

FV



 , (4.82)

θW5 = CR
m−Mn

(cos θFU + sin θFV ) + CR
θn−Mn

(A1FU + A2FV ). (4.83)
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Thus, the displacements at the tip can be represented as

△U = −(uU1 + uU2 + uU3) cos θ + (uV 1 + uV 2 + uV 3) sin θ

+ (uU4 + uU5) sin θ + (uV 4 + uV 5) cos θ, (4.84)

△V = (uU1 + uU2 + uU3) sin θ + (uV 1 + uV 2 + uV 3) cos θ

+ (uU4 + uU5) cos θ − (uV 4 + uV 5) sin θ, (4.85)

or as matrix format




△U

△V



 =





G11 G12

G21 G22









FU

FV



 , (4.86)

where

G11 = −D11 cos θ + D21 sin θ + E11 sin θ + E21 cos θ, (4.87)

G12 = −D12 cos θ + D22 sin θ + E12 sin θ + E22 cos θ, (4.88)

G21 = D11 sin θ + D21 cos θ + E11 cos θ − E21 sin θ, (4.89)

G22 = D12 sin θ + D22 cos θ + E12 cos θ − E22 sin θ, (4.90)

D11 = −2CR
l−Fl

cos θ − CL
l−Fl

cos θ, (4.91)

D12 = 2CR
l−Fl

sin θ + CL
l−Fl

sin θ, (4.92)

D21 = 2CR
m−Fm

sin θ + CR
m−Mn

(A3 + A7) + CL
m−Fm

sin θ + CL
m−Mn

A5, (4.93)

D22 = 2CR
m−Fm

cos θ + CR
m−Mn

(A4 + A8) + CL
m−Fm

cos θ + CL
m−Mn

A6, (4.94)

E11 = −CL
l−Fl

cos θ − CR
l−Fl

cos θ, (4.95)

E12 = CL
l−Fl

sin θ + CR
l−Fl

sin θ, (4.96)

E21 = CL
m−Fm

sin θ + CL
m−Mn

A9 + CR
m−Fm

sin θ + CR
m−Mn

A1, (4.97)

E22 = CL
m−Fm

cos θ + CL
m−Mn

A10 + CR
m−Fm

cos θ + CR
m−Mn

A2. (4.98)

Incorporated in the above synthesizedXYZ-FPMs, the RRR-limb in Fig.4.3behaves as

follows. If the forceFU along the U-axis is exerted on the tip of the RRR-limb, the tip

generates a translational motion△U ,

△U = (G11 −
G12G21

G22
)FU . (4.99)
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If the forceFV along the V-axis is exerted on the tip of the RRR-limb, the tipgenerates

a translational motion△V ,

△V = (G22 −
G12G21

G11
)FV . (4.100)

Therefore, it can be concluded that the translational compliances of the 3-RRR Limb i

can be formulated as

Ci
RRR =





G11 −
G12G21

G22

0

0 G22 −
G12G21

G11



 . (4.101)

4.3 Stiffness Modeling ofXYZ-FPMs

Based on the exact stiffness models of the prismatic joint and the RRR-limb, the stiffness

models of theXYZ-FPMs composed of the prismatic joint and the RRR-limb can be

formulated in this section. In Fig.3.3(b), the prismatic jointKP
i is connected to the

RRR-limb in serial. Hence, the compliance of the PRRR-limb is given as

Ci
PRRR =





Ci
RRR 0

0 1/KP
i



 . (4.102)

The stiffness of the 3-PRRRXYZ-FPM is summation of those of the three limbs con-

nected in parallel,

K3−PRRR =

3
∑

i=1

1

Ci
PRRR

. (4.103)

As shown in Fig.3.3(e), the prismatic jointsKP
i1 andKP

i2 are connected to the RRR-limb

in serial. Hence, the compliance of the PPRRR-limb is given as

Ci
PPRRR =

















Ci
RRR + I





1/KP
i2 0

0 0



 0

0 1/KP
i1

















. (4.104)

The stiffness of the 3-PPRRRXYZ-FPM is the summation of those of the three limbs

connected in parallel,

K3−PPRRR =

3
∑

i=1

1

Ci
PPRRR

. (4.105)
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As shown in Fig.3.3(f), the compliance of the PRRRP-limb is given as

Ci
PRRRP =

















Ci
RRR + I





1/KP
i2 0

0 0



 0

0 1/KP
i1

















. (4.106)

The stiffness of the 3-PRRRPXYZ-FPM is the summation of those of the three limbs

connected in parallel,

K3−PRRRP =
3

∑

i=1

1

Ci
PRRRP

. (4.107)

As shown in Fig.3.3(a), the compliance of the PPP-limb is given as

Ki
PPP =











KP
i1 0 0

0 KP
i2 0

0 0 KP
i3











, (4.108)

The stiffness of the 3-PPPXYZ-FPM is the summation of those of the three limbs,

K3−PPP =
3

∑

i=1

Ki
PPP . (4.109)

4.4 Summary

This chapter has exactly formulated theXYZ-FPMs synthesized in the previous chapter.

The modules to configure theXYZ-FPMs, i.e., the RRR-limb and the prismatic joint,

have been formulated respectively. The stiffness model of the RRR-limb has been for-

mulated based on the study on the compliances of flexure hinges by Lobontiu. The

stiffness and dynamic models of the newly designed prismatic joint have been derived

using an exact method proposed in this chapter.
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Design and Modeling of 3-PPP

XYZ-FPM

In this thesis, a 3-PPPXYZ-FPM with large motion range and decoupled kinematic struc-

ture is developed. The new type of large-motion prismatic joint is used, with the advan-

tages of no cross-axis error, no buckling, no stiffening andsymmetric structure. Using

these prismatic joints, the assembled 3-PPPXYZ-FPM possesses large motion range and

small parasitic motion. This chapter focuses on structure design and dimension opti-

mization of the 3-PPPXYZ-FPM. In Section5.1, structure design of the 3-PPPXYZ-FPM

is presented. The PRB model is formulated in Section5.2, prepared for optimal design.

In Section 5.3, a dimension optimization approach, based onthe static performances,

i.e., stiffness, workspace, stage size and parasitic motion, is proposed. This approach is

generalized for flexure mechanisms, and three definitions, i.e., motion range (defined in

Chapter 2), parasitic motion ratio and permissible maximumstiffness, are proposed and

used to describe the static performances of flexure mechanisms. Using this approach, the

dimensions of the 3-PPPXYZ-FPM are determined. In Section 5.4, the exact dynamic

model of the 3-PPPXYZ-FPM is formulated using the proposed exact modeling method

introduced in Section 4.2.

67



Chapter 5 68

U^ V^ W^
end-effector

voice coil actuator
input force

connected to

v^
u^w^

screw
pin

Figure 5.1: Connection of PPP-limb

5.1 Structure Design of 3-PPPXYZ-FPM

The 3-PPPXYZ-FPM is a combination of three orthogonal limbs in parallel.Each limb is

a serial combination of three prismatic joints, achieving three translational DOFs, along

theUi-, Vi- andWi-axes. The two asymmetric large-displacement prismatic joints (shown

in Fig. 2.19(b)) and one new type of large-motion prismatic joint (shown in Fig. 3.2) are

assembled in serial in one limb. Each prismatic joint is a monolithic workpiece fabri-

cated using wire EDM. The three prismatic joints in one limb are connected by the pins

and the screws, as shown in Fig.5.1. The alignment of every two prismatic joints is

ensured by the pins, and fastened by the screws. In each limb,Wi joint is closely con-

nected and driven by the one-DOF voice coil actuator respectively, andUi joint is fixed

on the end-effector. Such three limbs are assembled in the orthogonal configuration to

form the 3-PPPXYZ-FPM. The 3D schematic diagram of the 3-PPPXYZ-FPM is shown

in Fig. 5.2.

The working principle of the 3-PPPXYZ-FPM can be explained based on Fig.5.2. From

the diagonal stiffness matrix (4.108), it can be concluded that the 3-PPPXYZ-FPM pos-

sesses a decoupled kinematic structure. Each actuator is responsible for one-axis trans-

lational motion. Here, the X-axis translational motion is explained in detail. When the

forceFX along the X-axis is directly applied onW1 joint, W1 joint deforms to generate

the X-axis motion and transfers the force toU1 andV1 joints. Theoretically,U1 andV1

joints move along the X-axis without deformation, and directly transfer the force toU2
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Figure 5.2: Schematic diagram of 3-PPPXYZ-FPM
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Figure 5.3: Prototype of 3-PPPXYZ-FPM
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andV3 joints through the end-effector. At the same time,U2 andV3 joints deflect to cre-

ate the X-axis motion. Therefore, the translational motionalong the X-axis is generated

at the end-effector. Briefly, whenFX is exerted,W1, U2 andV3 joints deflect to gener-

ate the X-axis motion,U1 andV1 joints move the same displacement as the end-effector

without deformation, and other prismatic joints remain stationary. The motions along

the Y- and Z-axes are similar, and are actuated by the respective voice coil actuators.

The prototype of the 3-PPPXYZ-FPM has been fabricated, shown in Fig.5.3.

5.2 PRB Model of 3-PPPXYZ-FPM

The PRB model of the 3-PPPXYZ-FPM is presented in this section. The PRB model will

be used to the following dimension optimization, because the expressions of the specified

performances are simplified and it is not complicated to find the optimal values. The

optimal design using the approximate PRB models has been realized in many studies of

flexure mechanisms, such as [49, 54].

5.2.1 PRB Model of Prismatic Joints

In the PRB theory, the flexure hinge can be simplified as a center-fixed revolute joint

when there is no axial compressive or tensile load. In our design, the flexure hinges

do not bear any axial load, and a revolute joint with the constant angular stiffness is

equivalent to the flexure hinge when there is no stress concentration. According to the

PRB theory, the links connecting every two notch hinges are regarded as rigid, and the

length is the distance between the centers of every two flexure hinges. The equivalent

rigid models of the prismatic joints are shown in Fig.5.4. Each equivalent rigid model

can be further simplified as a second-order system with a linear spring and a mass. Based

on the assumption that the kinetic energy of the flexure-based prismatic joint is equal to

that of the equivalent second-order system, and the kineticenergy originates from the

rigid connection links. The equivalent mass of the second-order system can be derived. It

is also assumed that the values of the potential energy are also identical, and the potential

energy is caused by flexure revolute hinges. The equivalent stiffness can be obtained,
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Figure 5.4: PRB models of prismatic joints

MW/U =
(5MW/UA

+ MW/UB
+ 4MW/UC

)L2
W/U + 4JW/UA

4L2
W/U

, (5.1)

KW/U =
2KW/Ur

L2
W/U

, (5.2)

MV =
(4MVA

+ 5MVB
+ 2MVC

)L2
V + 4JVA

4L2
V

, (5.3)

KV =
2KVr

L2
V

. (5.4)

In order to unify the stiffnesses of the two prismatic joints, the dimensions of the circular-

flexure hinges are selected to be identical, and lengths of the connection links are also

selected to be identical, thus

KU/Wr
= KVr

= Kr,

LU/W = LV = L,
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l

m
n

t

R

b

Figure 5.5: Circular-flexure hinge

whereKr is the angular stiffness of the flexure hinge.

Design of the prismatic joint is limited by that of the flexurehinge. There are two limi-

tations. The first limitation is that the parasitic motions of flexure mechanisms originate

from the nonsensitive-axis deformations of flexure hinges.Therefore, a small stiffness

ratio of the sensitive-axis to the nonsensitive-axis of theflexure hinge is expected. In

development of the 3-PPPXYZ-FPM, the problem is considered.

The circular-flexure hinge shown in Fig.5.5 is used in the prismatic joints. The rotation

about then-axis is the sensitive motion, which is expected to generatethe translational

motions of the prismatic joints. Then-axis angular stiffness of the circular-flexure hinge

is given as [19]

Kr = KθZ−MZ
≈

2Ebt
5

2

9πR
1

2

. (5.5)

The circular-flexure hinge also bears the nonsensitive-axis motion. As illustrated in

Fig. 5.1, when the input force is applied onWi joint along theWi-axis, the circular-

flexure hinges (in Fig.5.5) of Ui andVi joints will bear the moment about them-axis

in the circular-flexure hinge’s local coordinates. The rotation about them-axis of the

circular-flexure hinge will introduce the parasitic rotation of the end-effector of the 3-

PPPXYZ-FPM. Thus, circular-flexure hinges’ rotation about them-axis, termed the

nonsensitive-axis motion, is not expected. The angular stiffness about them-axis can

be calculated as [19]

1

KθY −MY

=
4(2R + t)

√

t
4R+t

arctan(
√

t
4R+t

) − πt

Eb3t/6
. (5.6)
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To reduce the parasitic rotations of the 3-PPPXYZ-FPM, the circular-flexure hinge should

be sensitive to the moment about then-axis and immune to the moment about them-axis

in the circular-flexure hinge’s local coordinates, as shownin Fig. 5.5. The ratioλ should

be small, and

λ = KθZ−MZ
/KθY −MY

. (5.7)

The second limitation, which the flexure hinge exerts on the flexure mechanism, is that

the permissible maximum stress in the flexure hinge limits the motion range of the pris-

matic joint. When the flexure hinge is under a bending moment aboutn-axis, the maxi-

mum stress occurs at each surface of the thinnest part. If theangular displacement about

then-axis of the circular-flexure hinge isθ, the estimated stressσ at the surface of the

thinnest portion can be given as [18]

σ =
E(1 + β)

9

20

β2f(β)
θ, (5.8)

where

f(β) =
3 + 4β + 2β2

1 + β
+

6(1 + β)

(2β + β2)
1

2

tan−1(

√

2 + β

β
),

β =
t

2R
.

The yielding limitσb determines the maximum bending of the circular-flexure hinge, and

also the maximum translational motion of the prismatic joints. Whenσ increases to the

maximum value ofσb, the angular deformationθ reaches the maximum value ofθmax,

θmax =
umax

2L
, (5.9)

whereumax is the maximum linear displacement of the prismatic joint, that is, the motion

range. The dimensions of the circular-flexure hinges and therigid links of two types of

large-motion prismatic joints are equal. Therefore, the maximum displacements of them

are the same as

umax =
2Lσbβ

2f(β)

E(1 + β)
9

20

. (5.10)

In summary, these two parameters ofλ andumax are critical to the performances of flex-

ure mechanisms, including the parasitic motion and the motion range. In the following

dimension optimization of flexure mechanisms,λ andumax will be considered to achieve

high static performances of flexure mechanisms.
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5.2.2 Dynamic Model of 3-PPPXYZ-FPM

In this section, the dynamic equation of the assembled 3-PPPXYZ-FPM is presented.

From Fig.5.2, it can be seen that the 3-PPPXYZ-FPM is a hybrid combination of the

prismatic joints. Each prismatic joint can be regarded as a second-order system, and

the 3-PPPXYZ-FPM, a hybrid combination of these second-order systems, can also be

equivalent to a second-order system. The equivalent second-order systems of the pris-

matic joints have been formulated in Section 5.2.1. Based onthese formulated prismatic

joints and the working principle of the 3-PPPXYZ-FPM, the equivalent second-order

system of the 3-PPPXYZ-FPM can be obtained. As shown in Fig.5.2, when the X-

axis voice coil actuator is activated,W1, U2 andV3 joints deform to generate the X-axis

translational motion, withU1, V1 andU3 joints moving rigidly andV2, W2 andW3 joints

keeping stationary. Thus, for the X-axis translational motion, the equivalent second-

order system of the 3-PPPXYZ-FPM can be illustrated as Fig.5.6. The kinetic energy is

formulated as

EKX
=

1

2
(MW1

+ MU2
+ MV3)Ẋ

2 +
1

2
(mU1

+ mV1
+ mU3

)Ẋ2. (5.11)

The potential energy is formulated as

EPX
=

1

2
(KW1

+ KU2
+ KV3

)X2. (5.12)

Based on the Lagrange theory, the dynamic equation of the X-axis translational motion

is described as

FX =
d

dt
(
∂EKX

∂Ẋ
) −

∂EKX

∂X
+

∂EPX

∂X
. (5.13)

Similarly, for the Y- and Z-axes translational motions, theequivalent second-order sys-

tem of the 3-PPPXYZ-FPM can be represented as Fig.5.7and Fig.5.8respectively. The

kinetic energies are formulated as

EKY
=

1

2
(MW2

+ MU1
+ MU3

)Ẏ 2 +
1

2
(mU2

+ mV2
)Ẏ 2, (5.14)

EKZ
=

1

2
(MW3

+ MV1
+ MV2

)Ż2 +
1

2
(mV3

+ mU3
+ mU2

+ mU1
)Ż2. (5.15)

The potential energies are formulated as

EPY
=

1

2
(KW2

+ KU1
+ KU3

)Y 2, (5.16)
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Figure 5.6: Equivalent second-order system of X-axis motion

Mopmqpmrp
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End-effector

Kop Krs Krt
Figure 5.7: Equivalent second-order system of Y-axis motion

EPZ
=

1

2
(KW3

+ KV1
+ KV2

)Z2. (5.17)

The dynamic equations of the Y- and Z-axes translational motions are described as

FY =
d

dt
(
∂EKY

∂Ẏ
) −

∂EKY

∂Y
+

∂EPY

∂Y
, (5.18)

FZ =
d

dt
(
∂EKZ

∂Ż
) −

∂EKZ

∂Z
+

∂EPZ

∂Z
. (5.19)

In the above equations,MUi
, MVi

andMWi
are the equivalent masses ofUi, Vi andWi

joints,mUi
, mVi

andmWi
are the actual masses ofUi, Vi andWi joints andKUi

, KVi
and

Muvmwvmxv
Mwymxy

MwzmxzEnd-effector

Kuv Kwy Kwz
Figure 5.8: Equivalent second-order system of Z-axis motion
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KWi
are the equivalent stiffnesses ofUi, Vi andWi joints.

Thus, the dynamic equation for the 3-PPPXYZ-FPM can be derived as,










FX

FY

FZ











= M











Ẍ

Ÿ

Z̈











+ K











X

Y

Z











, (5.20)

M =





























MW1
+ MU2

+ MV3
0 0

mU1
+ mV1

+ mU3

0 MW2
+ MU3

+ MU1
0

mU2
+ mV2

0 0 MW3
+ MV1

+ MV2

mU3
+ mV3

+ mU1 + mU2





























,

K =











KW1
+ KU2

+ KV3
0 0

0 KW2
+ KU1

+ KU3
0

0 0 KW3
+ KV1

+ KV2











.

Vector [X, Y, Z]T represents the displacements of the end-effector, which isthe central

point in Fig. 5.3. Vector [FX , FY , FZ ] represents the actuation forces exerted on the

prismatic joints ofW1, W2 andW3 respectively.

Note that in (5.20), the damping ratio is omitted. There are two reasons to explain our

omission. The first reason is that it is difficult to exactly formulate the damping. It is due

to the nonreplicated nature of several parameters involvedin the damping, such as ma-

terial properties, manufacturing processes or the experimental environments. Moreover,

the material damping is incepted at molecular level, which conflicts with the macroscale

structural dynamics [86]. The second reason is that the damping of the flexure mech-

anism is due to energy dissipation through acoustic radiation and radiation through the

supporting string, and internal dissipation [87]. These two types of dissipation are called

as the passive damping. In one system, the damping is mainly from the passive damp-

ing and the active damping that accounts for energy dissipation through external devices

such as actuators and assembled joints. Among these two types of dampings, the passive

damping amounts to no more than10% [88].
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5.3 Dimension Optimization

5.3.1 Generalized Dimension Optimization Approach

In recent research, optimal design is conducted to obtain the expected performances of

flexure mechanisms. The objective of optimal design is to obtain dimensions of flexure

mechanisms to meet the performance requirements. Some studies of optimal design fo-

cus on the dynamic response, e.g., the natural frequency as the criterion, such as [49, 54].

In other studies, the resolutions of flexure mechanisms are regarded as the criterion, for

example [11, 89]. However, the achievable resolutions of flexure mechanisms are diffi-

cult to be evaluated, usually limited by hardwares, i.e., actuators and sensors. Youm [90]

combined the dynamic performance and the resolution as the objective function. The

stiffness of the flexure mechanism is also critical, becauseits value is limited by the

output of the actuator, and it affects positioning precision, parasitic motion and natural

frequency as well. Dong [91] has studied the influence of the dimensions on the stiffness

of a 6-DOF flexure platform.

The studies of optimal design mentioned above aim at achieving single performance such

as natural frequency, resolution and stiffness. Here we concentrate on the optimal design

with the consideration of a series of static performances. For flexure mechanisms, the

main static performances include stiffness, workspace, parasitic motion and stage size.

These parameters are critical for flexure mechanisms, and almost cover all static perfor-

mances. In the following paragraphs, importance and relationship of these parameters

are explained in detail.

Stiffness, workspace, stage size and parasitic motion almost determine whether the flex-

ure mechanism possesses the high static performances. Parasitic motion is one important

evaluation. It is not expected in flexure mechanisms, because it is difficult to be modeled

and compensated. Parasitic motion is caused by nonsensitive-axis deformations of flex-

ure hinges. The parasitic motion will be small, if the flexuremechanism simultaneously

possesses the small sensitive-axis stiffness and large nonsensitive-axis stiffness. Reduc-

ing parasitic motion of flexure mechanisms can be achieved byreducing the sensitive-

axis stiffness and increasing the nonsensitive-axis stiffness of flexure hinges. Thus, we
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give the definition of the parasitic motion ratioλ here,

λ =
senstive − axis stiffness

nonsensitive − axis stiffness
. (5.21)

Stiffness, workspace and stage size are not three independent evaluations. Usually, the

larger the stage size, the smaller the stiffness. If the stiffness is large, the workspace

will be small, because the actuation ability of PZT actuators and VCAs in flexure-based

micromanipulators is limited. The output forces of the VCAsare mostly limited within

several ten Newtons. Though the output forces of the PZT actuators are relatively large,

the strokes are quite small. To indicate the relationship between the workspace and the

stage size, the motion rangeβ is introduced from Definition 2.1. The motion rangeβ

is defined as the ratio of the workspace to the stage size. The workspace is determined

by the yielding limit of the material. The flexure mechanism with the large value ofβ

is regarded as large-motion. The large value ofβ means that the flexure mechanism has

a large workspace and a compacted size as well. The flexure mechanism, which has

a large workspace but a large stage size, cannot be deemed as large-motion. Besides

the consideration of large motion range, the stiffness of the flexure mechanism cannot

exceed the actuation ability of the actuators. The permissible maximum stiffnessKmax

is defined as,

Kmax =
Maximum output force of actuator

Workspace
. (5.22)

Usually, the flexure mechanism with high precision, small parasitic error, large workspace

and compact stage size is expected in applications such as micro/nano-scale manipula-

tions. The three definitions we mention above give the quantitative descriptions of these

requirements. Based on these quantitative formulations, dimension determination of

flexure mechanisms can be generalized as the optimal problem.

• Objective function: Minimizeλ or 1
β
,

• Design variables: Dimensions of the flexure hinge includingthe radius ofR, thick-

ness oft and width ofb,

Lengths of the links connecting every two flexure hinges,

• Constraints: Stiffness≤ Kmax,
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Stage size≤ permissible maximum size,

Desired workspace≤ range constrained by material elasticity,

β ≥ desired value orλ ≤ desired value.

The task of optimal design is to determine the dimensions of the flexure mechanism.

Hence, the dimensions are represented as the design variables. The flexure mechanism

is expected to possess high precision with small parasitic errors or large workspace with

compact stage size. Hence, the objective function is represented as minimization ofλ

or 1
β

or the weight function of both. Simultaneously, the flexure mechanism is limited

by the hardware such as the actuation, the mounting space andthe material elasticity.

Hence, these limitations are represented as the constraints.

Optimal design of flexure mechanisms based on the static performances has been gen-

eralized the single-objective optimal problem. Most of thestandard single-objective

optimization algorithms can be easily used in our generalized optimal design.

5.3.2 Dimension Optimization of 3-PPPXYZ-FPM

Using the above generalized dimension optimization approach and the above PRB model

of the 3-PPPXYZ-FPM, dimension optimization of the 3-PPPXYZ-FPM can be formu-

lated as follows,

• Objective: Minimizeλ,

• Design variables:R, t, b, L,

• Constraints:β ≥ 1
20

0.3mm ≤ t ≤ 1mm,

10mm ≤ b ≤ 20mm,

20mm ≤ L ≤ 30mm,

1mm ≤ umax,

K ≤ 50N/mm.
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The objective of optimal design is to develop a 3-PPPXYZ-FPM with minimum par-

asitic motion. λ is defined in (5.7). The design variables are the dimensions of the

circular-flexure hinges and the distance between every two circular-flexure hinges. The

constraints consider the factors as follows. Since the 3-PPP XYZ-FPM is assembled us-

ing nine pieces of prismatic joints, the 3-PPPXYZ-FPM will possess large motion range

if β of the prismatic joint is large.β is defined asumax/(2R + L). The flexure mech-

anism is cut by wire EDM. The thinnest portion of the circular-flexure hinge is not less

than0.3mm, because the tolerance of±0.01mm cannot be ensured when the thickness

is smaller than0.3mm. For compactness, the size of the 3-PPPXYZ-FPM should not

be large, and thus the distance between every two circular-flexure hinges is limited. In

order to achieve the desired motion range without plastic deformation, the maximum

displacement should be larger than the required absolute motion range of1mm. With

limitation of the output of the VCA, the linear stiffness of the 3-PPPXYZ-FPM cannot

exceed50N/mm.

The Gradient Projection Method (GPM) is used to search the optimal points in the

workspace. The final values of the design variables are listed in Table5.1. The 3-PPP

XYZ-FPM possesses the advantage of large motion range, as proved by the following cal-

culations. Substituting these parameters into the PRB model formulated in Section5.2,

the linear stiffness and the workspace of the prismatic joint can be calculated as

KW/U = KV = 10.4N/mm,

umax = 2.3mm.

The motion range of the designed large-motion prismatic joint is

βP =
umax

2R + L
=

2.3

32
≈ 7%.

The dimensions of the assembled 3-PPPXYZ-FPM are185mm × 141mm × 148mm,

and the motion range of the 3-PPPXYZ-FPM is

β =
2.3mm

185mm
≈

1

80
. (5.23)

The value is large compared to the current flexure mechanismsillustrated in Table2.2.
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Table 5.1: Results of dimension optimization

R t b L

3.5mm 0.4mm 10mm 25mm

The matrices of the equivalent mass and the equivalent stiffness of the 3-PPPXYZ-FPM

can be given as

M =











0.1304 0 0

0 0.1104 0

0 0 0.1504











Kg,

K =











31.3 0 0

0 31.3 0

0 0 31.3











N/mm.

Based on the above matrices, the natural frequencies for thetranslational mode shape of

the 3-PPPXYZ-FPM can be calculated as

fX =
1

2π

√

31300

0.1304
≈ 78Hz,

fY =
1

2π

√

31300

0.1104
≈ 85Hz,

fZ =
1

2π

√

31300

0.1504
≈ 73Hz.

5.4 Exact Modeling of 3-PPPXYZ-FPM

5.4.1 Static Analysis of Prismatic Joints

It has been mentioned in Section5.2, the two types of prismatic joints used in the pro-

posedXYZ-FPM have the same working principle and stiffness, and the same analytical

method can be used. Only analysis of the prismatic joint in Fig. 4.2(a)is presented here.

Substituting the dimensions in Table5.1 into equations (4.24) to (4.13), the internal

momentM3 can be calculated as

M3 =
−3.5F

4
. (5.24)
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Substituting (5.24) into equations (4.7) to (4.9), the angular deformations can be rewrit-

ten as

θ1(α) =

∫ α

−
π
2

10.5F (18− 3.5 sin γ) cos γ

96E(3.7 − 3.5 cos γ)3
dγ

=
F

E
[188.6971 arctan(6 tan

α

2
) +

1134.5138 tan α
2
− 0.2954

36 tan2 α
2

+ 1

+
754.7882 tan α

2
+ 5.4645

(36 tan2 α
2

+ 1)2
], (5.25)

θ2(x) =

∫ x

2R

F (11.5 − x)

202.612E
dx +

592.9109F

E

=
F

E
(−0.0012x2 + 0.0768x + 592.9109), (5.26)

θ3(β) =

∫ β

−
π
2

−12.25F sin γ cos γ

32(3.7 − 3.5 cos γ)3
dγ −

0.6719F

E

=
F

E
[17.9305 arctan(6 tan

β

2
) +

107.8045 tan β
2
− 0.2954

36 tan2 β
2

+ 1

+
71.7220 tan β

2
+ 5.4645

(36 tan2 β
2

+ 1)2
− 0.6719]. (5.27)

The linear deformations and the constraints can be represented as

Y1(α) =

∫

θ1(α)R cos αdα

=

∫

3.5F

E
[188.6971 arctan(6 tan

α

2
) +

1134.5138 tan α
2
− 0.2954

36 tan2 α
2

+ 1

+
754.7882 tan α

2
+ 5.4645

(36 tan2 α
2

+ 1)2
] cos αdα, (5.28)

Y1(−
π

2
) = 0, (5.29)

Y2(x) =

∫

θ2(x)dx

=

∫

F

E
(−0.0012x2 + 0.0768x + 592.9109)dx, (5.30)

Y2(2R) = Y1(
π

2
), (5.31)

(5.32)
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Y3(β) =

∫

θ3(β)R cos βdβ

=

∫

3.5F

E
[17.9305 arctan(6 tan

β

2
) +

107.8045 tan β
2
− 0.2954

36 tan2 β
2

+ 1

+
71.7220 tan β

2
+ 5.4645

(36 tan2 β
2

+ 1)2
− 0.6719] cosβdβ, (5.33)

Y3(−
π

2
) = Y2(L). (5.34)

By solving equations (5.28) to (5.34), the linear deformationY3(
π
2
) atP3 can be obtained,

and the linear stiffness of the single limb can be calculatedusing (4.21) as

KY −FY
=

F/4

Y3(
π
2
)
≈ 7.31N/mm. (5.35)

The equivalent linear stiffness of the prismatic is identical to that of the single limb, and

(4.22) can be calculated as

K∗

V = KY −FY
≈ 7.31N · mm. (5.36)

The equivalent mass of the prismatic joint can be calculatedusing (4.27) as

M∗

V = 0.0211Kg. (5.37)

5.4.2 Dynamic Model of 3-PPPXYZ-FPM

The dynamic equation derived using the proposed exact modeling method has the same

format as that from the PRB model. The equivalent mass and theequivalent stiffness

matrices of the 3-PPPXYZ-FPM are obtained as

M∗ =





























M∗

W1
+ M∗

U2
+ M∗

V3
0 0

mU1
+ mV1

+ mU3

0 M∗

W2
+ M∗

U1
+ M∗

U3
0

mU1
+ mV2

0 0 M∗

W3
+ M∗

V1
+ M∗

V2

mU3
+ mV3

+ mU1 + mU2





























,

K∗ =











K∗

W1
+ K∗

U2
+ K∗

V3
0 0

0 K∗

W2
+ K∗

U1
+ K∗

U3
0

0 0 K∗

W3
+ K∗

V1
+ K∗

V2











.
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Substituting the dimensions in Table5.1, the matrices of the equivalent mass and the

equivalent stiffness can be calculated as

M∗ =











0.1265 0 0

0 0.1065 0

0 0 0.1465











Kg,

K∗ =











21.93 0 0

0 21.93 0

0 0 21.93











N/mm.

Based on the above matrices of mass and stiffness, the natural frequencies for the trans-

lational mode shape of the 3-PPPXYZ-FPM are obtained as

f ∗

X =
1

2π

√

21930

0.1265
≈ 66.3Hz,

f ∗

Y =
1

2π

√

21930

0.1065
≈ 72.3Hz,

f ∗

Z =
1

2π

√

21930

0.1465
≈ 61.6Hz.

(5.38)

5.5 Summary

In this chapter, the generalized dimension optimization approach has been proposed,

based on the static performances of flexure mechanisms, i.e., stiffness, workspace, stage

size and parasitic motion. The structure of a 3-PPPXYZ-FPM has been designed. Using

the generalized dimension optimization approach, the dimensions of the 3-PPPXYZ-

FPM have been determined. The designed large-motion prismatic joint has the large

workspace of2.3mm and large relative motion range of7%. The assembled 3-PPP

XYZ-FPM also has the large workspace of2.3mm and the large motion range of1/80.

The exact stiffness and dynamic models of the 3-PPPXYZ-FPM have been formulated

using the exact modeling method proposed in the previous chapter.



Chapter 6

Prototype, Simulation and Experiment

In this chapter, the prototype of the 3-PPPXYZ-FPM is presented. The static perfor-

mances of the 3-PPPXYZ-FPM and the new prismatic joint designed in Chapter 3, in-

cluding stiffness and parasitic motion, are tested. The modal simulation is conducted

to study the mode shapes which occur in the actual operation.The hammer test is con-

ducted to measure the corresponding natural frequencies ofthe simulated mode shapes.

These experiments aim at validation of the structure design, the dimension optimization

and the exact modeling method.

6.1 Prototype Development

In development of flexure mechanisms, selected material, manufacturing error, actuation

and sensing can influence the positioning precision of flexure mechanisms. Determina-

tion of these aspects become important for flexure mechanisms.

6.1.1 Material Selection

The property of the selected material is important to the performances of flexure mecha-

nisms. The material selection should meet the requirementsof large deflection strength

Sy/E, high strengthSy, low internal stressk/ΩE and low thermal expansion1/Ω. E,

Sy, k andΩ are Young’s modulus, yield stress, thermal conductivity and thermal ex-

pansion coefficient respectively. The materials that can beused in flexure mechanisms

85
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Table 6.1: Properties of AL 7075

Material E Sy ρ 1/Ω

AL 7075 72N/mm2 510N/mm2 2.8kg/dm3 23 × 10−6/◦C

include aluminium, titanium, steel and beryllium copper [92].

Several aluminium alloys are available and commonly used inflexure mechanisms. Alu-

minium is not stiff and its density is the lowest in these available materials. Among

aluminium alloy, 2000, 6000 and 7000 are the only heat treatable series, where strength

improvement can be achieved by precipitation hardening without any cold working ,

which adds significant amounts of internal stresses. AL 2024and AL 7075 are aircraft

alloys that offer very high strengths, whereas AL 6061 is common for regular use and

has a moderate strength. Judged by the phase stability of a long period of time, AL 6061

and AL 7075 are recommended for precision instruments [93].

Beryllium copper and titanium are stiffer than aluminium, and have larger density than

that of aluminium. Beryllium has good thermal performances, such as low thermal ex-

pansion. Its drawback is that it cannot be used in flexure mechanisms under vibration,

because its deflection is very small in case of vibration. Titanium has poor thermal con-

ductivity and moderate thermal expansion, more like that ofceramic. Steel is the stiffest

material, and has large density offering high damping [93].

With the consideration of materials properties, fabrication and cost, AL 7075 is selected

as the material of the 3-PPPXYZ-FPM. The properties of AL 7075 is listed in Table.6.1.

6.1.2 Manufacturing and Assembling

Because of the requirements of small size and high toleranceof flexure mechanisms, the

conventional machining is not suitable to fabrication of flexure mechanisms. EDM is a

common machining method for fabrication of flexure mechanisms. There are two types

of EDMs, i.e., plunge EDM and wire EDM [92].
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Plunge EDM

Plunge EDM utilizes electric discharges to erode local areas of a surface as a shaped

electrode is brought into close proximity to a grounded workpiece surface. A shaped

electrode is produced using conventional machining. The workpiece is immersed in a

dielectric fluid. A potential is then applied to the electrode and it is lowered towards the

workpiece surface until electric discharges are produced.Electrodes are usually made

from materials with a high melting temperature and high latent heat of melting. Graphite

is often used for shaped electrodes, while tungsten wires are commonly used to produce

small holes of high aspect ratios.

Wire EDM

In wire EDM, the electrode is a thin wire that is continuouslyfed through the workpiece.

This is then electrically energized and used to erode a thin line through the workpiece

material. Moving the wire in a controlled path through the specimen results in the desired

geometry. In practice, wires ranging in size from0.025mm and 1mm are common.

Presently, capital cost of these machines is high, and the continued costs of wire and

filtering of the flushing fluid limit this process to the production of precise flexures.

Some of the advantages of wire EDM for flexures are listed as follows.

• Components of almost arbitrary complexity can be produced.

• Any reasonable conductor can be machined enabling choice from the hardest ma-

terials.

• For thin wires, the gaps between surfaces can be correspondingly small, enabling

the design of compact mechanisms.

• Being capable of machining to depths of100 − 200mm, geometry of high as-

pect ratio can be produced making possible designs with highratios of stiffness

between the free and constrained directions.

• Highly automated machines capable of re-threading accidentally broken wires can

be left unattended, therefore reducing labor costs.
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• Workpiece can be stacked to produce multiple components with a single machin-

ing cycle.

Under controlled conditions, it is not unreasonable to produce components holding tol-

erances within a few micrometers and with sub-micrometer surface finish. Flexures

measuring0.1mm in the thinnest portion are routinely manufactured. Although some

surface alteration must occur, no significant problems caused by this have been observed

in flexures of these dimensions. Current machines can produce components to accuracies

of better than a few micrometers.

The 3-PPPXYZ-FPM designed in this project is fabricated using wire EDM. The width

of the thinnest portion of the notch hinges is0.4mm, and the tolerance of±0.01µm is

assigned.

6.1.3 Actuation

Performance of the actuators for flexure mechanisms are critical to the precision of the

flexure-based mechatronic system. Main types of commercialactuators driving flex-

ure mechanisms include PZT actuator, mechanical micrometer and VCA based on the

electromagnetic theory [92].

PZT material experiences a dimensional change upon application of an electrical poten-

tial gradient. Based on this property of the PZT material, some PZT actuators have been

produced and applied, such as the piezoelectric stack actuators by US EuroTek, Inc. [94]

and the ultra-reliable piezo actuators by PI (Physik Instrumente) L.P. [95]. These PZT

actuators have the advantages of large output force and highresponse speed. Whereas,

their drawbacks are small stroke, usually below100µm, hysteresis and creep. Hystere-

sis and creep introduce nonlinear errors into the flexure-based system,which cannot be

easily compensated.

Standard micrometer screws provide a low cost solution to many short to medium range

drive applications. The open-loop micrometer can achieve the positioning precision of

1 − 2µm. The closed-loop micrometer has the positioning precisionof 0.1µm. Its dis-

advantages include backlash caused by screw, temperature sensitivity and nonlinearities.
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Table 6.2: Characteristics of actuators

Actuator PZT Micrometer VCA

Force Large Large Small (within 100N)

Stroke micrometer millimeter millimeter

Stiffness High Medium ≈ 0

Linearity Poor Moderate Good

Continuity Yes No Yes

Accuracy Medium Low High (nanometer)

Cost Medium Low Medium

Picomotor 8301-8341 by New Focus [96] is a combined product of PZT and micrometer

with the resolution of30nm. This type of actuators have the advantages of large output

force and large stroke, but their resolution and repeatability are poor because of backlash

of screws.

In precision electromagnetic devices, a saturated permanent magnet is surrounded by a

coil. A force is generated between the magnet and the coil, which is proportional to both

the strength of the magnet and the gradient of the field from the coil perpendicular to the

axis of the magnet. The force can be transferred to the flexuremechanism to generate

a desired displacement. Above is the working principle of VCAs. The advantages are

large stroke, high linearity and high accuracy. However, the output forces are small,

usually within100N .

Evaluating the three types of actuators in aspects of outputforce, stroke, linearity, ac-

curacy and cost (listed in Table6.2), in this project, the voice coil actuator AVM 60 by

Akribis [1] is selected, of which specifications are listed in Table6.3. The VCA is driven

by a linear amplifier TA115 by Trust [97].
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Table 6.3: Specifications of AVM 60 [1]

Unit AVM 60

Stroke mm 25

Force costant N/A 15.7

Continuous force N 31.4

Peak force N 94.2

Continuous current A 2

Peak current A 4.7

Resistance Ω 5.2

Max coil temperature ◦C 155

Coil assembly mass g 316

6.1.4 Sensing

In order to obtain the stiffness, the displacements of the prismatic joint and the 3-PPP

XYZ-FPM are needed to be measured. The ultra high accuracy laserdisplacement meter

LC2400 series by KEYENCE [2] is used to measure the displacements. LC2430 and

LC2440 are used in this project. The specifications are listed in Table6.4.

The force sensor is also used to measure the output force of the actuator to the single

prismatic joint and the 3-PPPXYZ-FPM. The specifications of the six-dimensional Nano

43 F/T Transducer by ATI [3] are listed in Table6.5. Only the Z-axis sensory cell is used

to measure the one-dimensional force applied to the single prismatic joint and the 3-PPP

XYZ-FPM.

6.2 Static Test of Prismatic Joint

To verify the proposed exact modeling method in Chapter 4, the static test is conducted

to measure the linear stiffness of the single prismatic joint. The force exerted on the
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Table 6.4: Specifications of laser displacement sensor [2]

LC 2430 LC 2440

Measuring Range ±0.5 mm ±3 mm

Operating Distance 30 mm 30 mm

Resolution 0.02µm 0.2µm

Linearity ±0.5% of F.S. ±0.5% of F.S.

Sampling Frequency 50 kHz 50 kHz

Response Frequency 20 kHz 20 kHz

Response Time 100µm 100µm

Measuring Stability ±0.2% of F.S. ±0.03% of F.S.

Table 6.5: Specifications of Nano 43 F/T Transducer [3]

Sensing Range FX , FY , FZ (± N) 36

TX , TY , TZ (± N) 0.5

Resolution FX , FY , FZ (± N) (1/512)× 36

TX , TY , TZ (± N) (1/40000)× 0.5
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Figure 6.1: Experimental setup of prismatic joint

Table 6.6: Results of linear stiffness of prismatic joint

Experiment PRB Nonlinear method

Value 7.79N/mm 10.4N/mm 7.31N/mm

Percentage Error 33.5% 6.2%

prismatic joint and the output displacement are needed for calculating the stiffness. The

actuation force is measured by the six-dimensional force sensor FT05270 (ATI), and the

displacement is detected by the laser sensor LC2430 (KEYENCE). The experimental

setup is shown in Fig.6.1.

The experimental data, the forces and the displacements, are plotted in Fig.6.2. Based

on these data, a straight line is fitted with the slope of128.3µm/N . The reciprocal of

the slope is the linear stiffness of the prismatic joint, of which value is7.79N/mm.

Table6.6 lists the results of the stiffness of the prismatic joint. The stiffness from the

PRB method is calculated from(5.5). It shows that the exact modeling method is more

accurate than the PRB method. The modeling accuracy is increased significantly. The

percentage error between the values from the exact modelingmethod and the experiment

may be due to manufacturing error and sensing error.
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Figure 6.2: Experimental result of linear stiffness of prismatic joint

6.3 Static Tests of 3-PPPXYZ-FPM

In this section, the static performances of the 3-PPPXYZ-FPM are tested, including the

linear stiffness and the parasitic motions, to verify the proposed exact modeling method

and the decoupled kinematic structure.

6.3.1 Stiffness Measurement of 3-PPPXYZ-FPM

The linear stiffnesses of the 3-PPPXYZ-FPM along the X-, Y- and Z-axes are deter-

mined respectively. The linear stiffness is the ratio of themeasured actuation force to

the displacement. The six-axis force sensor FT05270 is mounted onW1, W2 andW3

joints respectively, to measure the actuation forces. The laser sensor LC2430 is used to

measure the displacements of the end-effector along the X- and Y-axes respectively. The

end-effetor is located at the center of the 3-PPPXYZ-FPM. Fig.6.3 shows the experi-

mental setup for measuring the linear stiffness along the Y-axis.

The input forces and the output displacements are measured and plotted, and these sam-

pled points are fitted with the straight lines. The slopes of the fitted straight lines describe
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Figure 6.3: Experimental setup of 3-PPPXYZ-FPM

the linear stiffnesses of the 3-PPPXYZ-FPM. In Fig.6.4, the first fitted straight line de-

scribes the stiffness along the X-axis of the 3-PPPXYZ-FPM. The slope of the straight

line is 39.1µm/N , and its reciprocal is the linear stiffness of25.6N/mm. In Fig. 6.5,

the second straight line describes the stiffness along the Y-axis of the 3-PPPXYZ-FPM.

The slope of the straight line is39.4µm/N , and its reciprocal is the linear stiffness of

25.4N/mm. In Fig. 6.6, the third straight line describes the stiffness along the Z-axis

of the 3-PPPXYZ-FPM. The slope of the straight line is39.6µm/N , and its reciprocal is

the linear stiffness of25.3N/mm.

Comparison of the linear stiffness values from the PRB method, the exact modeling

method and the experiment, is shown in Table6.7. The stiffness from the PRB method

is calculated from (5.20). The result from the exact modeling method is closer to the

actual value than that from the PRB method. The difference between the analytical

value and the experimental result may be caused by manufacturing and assembly errors.

6.3.2 Parasitic Error Measurement of 3-PPPXYZ-FPM

Measurement of the parasitic motions of the 3-PPPXYZ-FPM aims at verifying design

of the decoupled kinematic structure. The parasitic motions of the 3-PPPXYZ-FPM

presented here, include the cross-axis error and the parasitic rotation. The cross-axis
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Figure 6.4: X-axis linear stiffness

0 1 2 3 4 5 6 7 8 9 10

0

50

100

150

200

250

300

350

400

Y−axis force (N)

Y
−

ax
is

 d
is

pl
ac

em
en

t (
um

)

Experimental data
Fitting line

Slope: 39.4 um/N 

Figure 6.5: Y-axis linear stiffness
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Figure 6.6: Z-axis linear stiffness

Table 6.7: Results of linear stiffness of 3-PPPXYZ-FPM

Experiment PRB Nonlinear method

X 25.6N/mm 31.3N/mm 21.93N/mm

Stiffness Y 25.4N/mm 31.3N/mm 21.93N/mm

Z 25.3 N/mm 31.3N/mm 21.93N/mm

X 22.3% 14.3%

Percentage errorY 23.2% 13.7%

Z 23.7% 13.3%
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error is defined as the displacement ratio of the unactuated-axis to the actuated-axis. The

parasitic rotation is defined as the rotary angles of the end-effector when the translational

motions are actuated. There are two sets of experiments are conducted to evaluate the

parasitic errors of the 3-PPPXYZ-FPM.

The first set of experiments are conducted to evaluate the cross-axis errors of the 3-

PPPXYZ-FPM. The experimental setup for measuring the cross-axis errors is shown in

Fig. 6.3. When the force, e.g., along the Y-axis, is generated to pushthe mechanism,

the force sensor measures the linear input force, the laser sensor LC2440 measures the

Y-axis displacement at the end-effector, and LC2430 measures the X-axis displacement

simultaneously. The displacement ratio of the unactuated-axis to the actuated-axis, e.g.,

the motion ratio of the X-axis to the Y-axis, can be calculated, shown in Fig.6.7(a). The

same input forces are fed along the Y-axis, the laser sensor LC2440 measures the Y-axis

motion, and LC2430 measures the Z-axis value. The motion ratio of the Z-axis to the Y-

axis can be calculated, shown in Fig.6.7(b). Thus, the cross-axis errors along the X- and

Z-axes can be obtained, when the Y-axis motion is actuated. The same procedures are

applied to measure the cross-axis errors when the X- and Z-axes motions are actuated,

shown in Fig.6.8(a), Fig. 6.8(b), Fig. 6.9(a)and Fig.6.9(b). The Table6.8 lists the

maximum cross-axis errors of the X-, Y- and Z-axes. It can be concluded that the cross-

axis errors of the 3-PPPXYZ-FPM are smaller than2%. Note that LC2430 with the

resolution of0.02µm and LC2440 of0.2µm are used to simultaneously measure the two-

axes motions. In the ideal situation, the displacement sensors with the same resolutions

should be utilized to measure the two-axes motions simultaneously. Due to the hardware

limitation, LC2430 and LC2440 are used, but they do not affect the measured results.

The high-resolution LC2430 is used to measure the unactuated-axis motion, and the

low-resolution LC2440 is applied to measure the actuated-axis motion. The resolution

ratio of LC2430 ro LC2440 is1/10, which means that the limit of the measured cross-

axis error is10%. The cross-axis error below10% can be measured accurately, and the

measured values are all equal to10% if the real values are larger than10%. Since the

measured values in our experiments are2%, below10%, the results are still credible.

The second set of experiments are conducted to obtain the parasitic rotations at the end-

effector. In dimension optimization in Chapter 5, the parasitic rotations are considered
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Figure 6.7: Y-axis cross-axis errors
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Figure 6.8: X-axis cross-axis errors
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Figure 6.9: Z-axis cross-axis errors
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Table 6.8: Results of cross-axis error of 3-PPPXYZ-FPM

Actuated motion Unactuated motion Maximum cross-axis error

X
Y 1.9%

Z 1.7%

Y
X 2%

Z 1.7%

Z
X 1.8%

Y 1.9%

Table 6.9: Results of the cross-axis error of the 3-PPPXYZ-FPM

FX − θY FY − θX FZ − θY

1.5 mrad 1.3 mrad 1.3 mrad

by minimizing the ratio ofλ defined in Section 5.2. The rotary errors are measured here,

listed in Table6.9. The maximum angular motion is smaller than1.5mrad.

6.4 Modal Analyses of 3-PPPXYZ-FPM

In this section, the modal analyses of the 3-PPPXYZ-FPM are conducted. the FEM

simulation is conducted to study the mode shapes, that is howthe 3-PPPXYZ-FPM

deforms. The hammer test is conducted to obtain the natural frequencies corresponding

to the simulated mode shapes, that is under what kind of stimulations the 3-PPPXYZ-

FPM can operate.
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6.4.1 FEM Simulation for Mode Shapes

The modal analysis is implemented for evaluating dynamic performances of the 3-PPP

XYZ-FPM. Since flexure hinges have infinite flexibility, not onlyone-axis motion is acti-

vated. Usually the motion of the flexure mechanism is the combination of several mode

shapes. The modal analysis studies what kinds of mode shapesare activated and how

they are stimulated.

According to the selected material of AL 7075, in ANSYS, the material properties are

defined with Young’s modulusE of 72GPa, Poisson’s ratio of0.33 and density of

2800kg/m3. Then the solid model is established, and it is required to bemeshed for

further static analysis and modal analysis. The element formeshing is selected as 20-

node SOLID95 for achieving high accuracy of the simulation results.

The displacement constraints are applied according to the actual experimental setup be-

fore performing analyses. Three VCAs are mounted onW1, W2 andW3 joints, and each

actuator will activate one-axis translational motion and constrain two other axis transla-

tional motions. Thus, each prismatic joint is allowed for its sensitive-axis motion and

constrained for two other axes.W1 joint is allowed to move along the X-axis and fixed

along the Y- and Z-axes. Similarly,W2 joint is allowed to move along the Y-axis and

fixed along the X- and Z-axes.W3 joint is permitted to move along the Z-axis and fixed

along the X- and Y-axes.

By checking the modal results, it is found that the followingthree mode shapes con-

tribute to the operation of the 3-PPPXYZ-FPM. The first-, second- and third-orders mode

shapes describe the translational motions along the X-, Y- and Z-axes, which are desired,

as shown in Fig.6.10(a), Fig. 6.10(b)and Fig.6.10(c). The eighth mode shape (shown

in Fig. 6.10(d)) is facile to occur when the translational motion operates.Other mode

shapes are not related to the actual deformations when the X-, Y- and Z-axes motions

are actuated. Existing of the eighth mode shape partially explains the parasitic rotations

at the end-effector listed in Table6.8. The eighth mode shape is caused by the parasitic

motions of the prismatic joints. As illustrated in Fig.6.11, the desired deformation of

the single prismatic joint is to generate the translationalmotion. Actually, the parasitic
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Figure 6.10: Mode shapes of 3-PPPXYZ-FPM

bending occurs in the prismatic joints, when nine pieces of prismatic joints are assem-

bled as shown in Fig.5.2. The parasitic bending of the prismatic joint is transferred to

the end-effector, and the parasitic rotation occurs. In theabove analytical modeling, the

first-, second- and third-orders mode shape are considered,but the eighth mode shape is

difficult to be modeled. Therefore, the eighth mode shape is regarded as the unmodelled

uncertainty. In the control algorithm design, the problem of the unmodeled uncertainty

will be solved. The corresponding natural frequencies are listed in Table.6.10.

6.4.2 Hammer Test for Natural Frequency

The hammer test is conducted to obtain the natural frequencies for the translational mo-

tions simulated by ANSYS. The experimental setup is shown inFig. 6.12. The working
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(a) Desired motion of U/W joint (b) Parasitic bending of U/W joint

(c) Desired motion of V joint (d) Parasitic bending of V joint

Figure 6.11: Mode shapes of prismatic joint

Table 6.10: Natural frequencies of 3-PPPXYZ-FPM by ANSYS

Mode shape Natural frequency (Hz)

1 76.265

2 80.360

3 82.276

8 230.770
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Table 6.11: Specifications of accelerometer

Measuring Range ±500 g

Sensitivity 10.26 mv/g

Resonant Frequency 70.0 KHz

Table 6.12: Results of natural frequencies of 3-PPPXYZ-FPM

Experiment PRB ANSYS Nonlinear method

X 56Hz 78Hz 80Hz 66Hz

Natural frequency Y 50Hz 85Hz 82Hz 72Hz

Z 50Hz 73Hz 80Hz 62Hz

principle of the hammer test is to stimulate the mechanism, and to measure the accelera-

tion of the end-effector. The acceleration data in the time domain is transferred to those

in the frequency domain using Fourier function. From the data in the frequency domain,

the natural frequencies can be obtained. A pulse force is fedby a hammer impact at

W1 joint along the X-axis. The accelerometer listed in Table6.11 is attached on the

end-effector to track the dynamic responses of the 3-PPPXYZ-FPM. The sampled ac-

celeration data are computed in the Fourier analyzer, and the natural frequencies can be

obtained, as shown in Fig.6.13. The first natural frequency is about56Hz, and the cor-

responding mode shape of this natural frequency is the first mode shape obtained from

the ANSYS simulation in the previous section. The same procedures are applied to mea-

sure the natural frequencies for the Y- and Z-axes translational motions in Fig.6.14and

Fig. 6.15. The results of the natural frequencies from the experiment, the PRB method

using (5.24), the ANSYS simulation and the exact modeling method using (5.38) are

listed in Table6.12. These results also verify the proposed exact modeling method is

more accurate than the conventional PRB method.
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Figure 6.13: X-axis natural frequencies of 3-PPPXYZ-FPM
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Figure 6.14: Y-axis natural frequencies of 3-PPPXYZ-FPM
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Figure 6.15: Z-axis natural frequencies of 3-PPPXYZ-FPM

6.5 Summary

The stiffness measurement of the single prismatic joint hasbeen conducted to verify the

proposed exact modeling method. The experimental results show that the exact modeling

method has been more accurate than the conventional PRB method. The stiffness of the

3-PPPXYZ-FPM is also measured to validate this method. The decoupledkinematic

structure of the 3-PPPXYZ-FPM is also verified. The experimental results show that

the cross-axis errors of the 3-PPPXYZ-FPM are within2%, and the parasitic rotations

are smaller than1.5mrad. The ANSYS simulation has been performed to study the

mode shapes of the 3-PPPXYZ-FPM, and the results explain the parasitic rotation. The

hammer test has been conducted to obtain the natural frequencies for the translational

motions.
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Robust Control Algorithm Design and

Implementation

The 3-PPPXYZ-FPM is expected to achieve a high positioning precision of0.1µm and

a fast dynamic response with a short settling time. To achieve these two requirements,

several common problems of flexure mechanisms must be solved. It is the reason why

the controller is introduced to the flexure-based micromanipulator. In this chapter, the

common problems of flexure mechanisms, deteriorating the positioning precision and the

dynamic response, are investigated and summarized. A hybrid controller with position

control and vibration control with high robustness is designed and implemented for the

3-PPPXYZ-FPM.

7.1 Problems of Flexure Mechanisms

Generally, there are three problems, which are common in flexure mechanisms, deterio-

rating the positioning precision and the dynamic response.The three common problems

are explained as follows.

• Unmodeled mode shapes and unmodeled parameters

Since flexure hinges or flexible components possess multi-axis flexibility, multi-

mode shapes of flexure mechanisms are stimulated in the actual operation. In

109
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derivation of the dynamic equations of flexure mechanisms, only low-order mode

shapes describing the expected deformations are considered. High-order mode

shapes are difficult and usually neglected in the dynamic equations. Hence, omis-

sion of high-order mode shapes introduces unmolded mode shapes into the ana-

lytical dynamic model.

Although the expected low-order mode shapes are formulated, it is also difficult to

describe the actual deformations of flexible components. Hence, there are unmod-

eled parameters in the matrices of mass and stiffness in the dynamic equations.

Unmodeled mode shapes and unmodeled parameters are called as unmodeled un-

certainties. Unmodeled uncertainties make it difficult forcontrollers to achieve

high positioning precision.

• Vibration

Different from rigid-body mechanisms, flexure mechanisms have no the assem-

bled joints, where friction is generated. Friction contributes to damping of rigid-

body mechanisms. In flexure mechanisms, damping originatesfrom thermal dis-

sipation during elastic deformation. Thermal dissipationin flexure mechanisms is

far smaller than friction in rigid-body mechanisms. Accordingly, vibration caused

by low damping is another common problem in flexure mechanisms. Thus, vibra-

tion is required to be suppressed to ensure fast dynamic response.

• External disturbances

The expected positioning precision of flexure mechanisms isusually high to micrometer-

or submicrometer-scale. Even small external disturbancescan affect random posi-

tioning errors. Thus, sensitivity to external disturbances is needed to be restrained

to ensure the positioning precision and the fast dynamic response.

In order to solve the above three problems, the controller must possess the following

characteristics.

• High robustness

Unmodeled uncertainties and external disturbances are both difficult to be for-

mulated by the exact models. Thus, the conventional controlalgorithms, which



Chapter 7 111

require the exact dynamic equations, e.g. PID control, are not suitable to flex-

ure mechanisms, because the parameters of the controllers are fixed and cannot

compensate the variances in the closed-loop system. Response changes caused

by unmodeled uncertainties and external disturbances can only be described by

an enveloping boundary. With knowledge of the enveloping boundary, the robust

controller can ensure the expected high positioning precision of flexure mecha-

nisms.

• Hybrid algorithm with position control and vibration control

Position control with high robustness is not complete to ensure a good response

of the flexure mechanisms. Evaluation of a good response includes a high posi-

tioning precision and a fast dynamic response with a short settling time. Vibration

is an inherent phenomena of flexure mechanisms, because of low damping, and

may elongate the settling time. Vibration control is required to be incorporated to

ensure a fast dynamic response.

Thus, to ensure a good response with a high positioning precision and a fast response, a

hybrid controller with position control and vibration control is necessary to be developed

for flexure mechanisms. Here, a hybrid controller with high robustness is designed based

on theH∞-theory and implemented in the developed 3-PPPXYZ-FPM.

7.2 Preliminaries ofH∞-Control

The robustH∞-control theory [69] is suitable to the system with multiple sources of

uncertainties, noises and disturbances, as shown in Fig.7.1(a). In our project, we cover

the synthesis problem. The synthesis problem is defined as designing a controller so that

the controlled signals satisfy the desired properties for all admissible noises, disturbances

and model uncertainties. Most of the synthesis problems canbe carried out in a unified

linear fractional transformation (LFT) framework, as shown in Fig.7.1(b). Let P be the

interconnection matrix,K be the controller,△ be the set of all possible uncertainties,

w be a vector signal including noises, disturbances and reference signals,z be a vector
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Figure 7.1:H∞-control system

signal including all controlled signals and tracking errors,u be the control signal, andy

be the measured displacement at the end-effector.

DefineTzw as the transfer matrix fromw to z, and assume that the admissible uncertainty

∆ satisfies‖∆‖∞ < 1/γp for someγp > 0. The synthesis problem is to design a

controllerK so that the closed-loop system is stable for all admissible∆ and‖Tzw‖∞ ≤

γp for some prespecifiedγp > 0, where‖Tzw‖∞ is theH∞ norm defined as‖Tzw‖∞ =

supωσ(Tzw(jω)).

For multiple sources of uncertainties,µ-synthesis is used to obtain the controllerK. The

general LFT framework in Fig.7.1(b)can be converted to that in Fig.7.2(a).

M(s) = Fl(P (s), K(s)) =





M11 M12

M21 M22



 , (7.1)

where∆ is an × n block diagonal, andM includes all the weight functions,

∆(s) = {diag [δ1Ir1, · · · , δSIrS, ∆1, · · · , ∆F ] : δi ∈ C, ∆j ∈ Cmj×mj}. (7.2)

The value ofµ is defined as

µ∆(M11) =
1

min{σmax(∆)|∆ ∈ ∆, det(I − M11∆) = 0}
. (7.3)

Thus, the controller design can be briefly explained that, assume that the admissible un-

certainty∆ in Fig.7.1(b)satisfies‖∆‖∞ < 1/γp for someγp > 0, the synthesis problem
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is to design a controllerK so that the closed-loop system is stable for all admissible∆,

that is,supµ∆(M11(jω)) ≤ 1/γp. For actual design of implementation, MATLAB has

theµ-synthesis toolbox aiding the solution ofK controller.

7.3 Experimental Setup

The experimental system is set up for the open-loop identification and the closed-loop

control implementation. The open-loop identification aimsat measurement of the open-

loop responses and obtaining the boundaries of uncertainties of the entire system. The

boundaries of uncertainties will be used to the following control algorithm design.

The closed-loop system is established for implementation of the designed controller, as

shown in Fig.7.3and Fig.7.4. One control cycle operates in the following manner. The

controller sends out a voltage signal to the linear amplifier, according to the expected

displacement at the end-effector. The current converted from the voltage by the lin-

ear amplifier is the input of the VCA, and the VCA generates a force pushing the 3-PPP

XYZ-FPM. The 3-PPPXYZ-FPM deforms and the translational motion at the end-effector

along the actuation direction is measured by the encoder. The actual displacement at the

end-effector is fed into the controller through the digitalinput interface. The difference

between the expected value and the actual one is calculated,and the compensation volt-

age is computed based on the predetermined control algorithm. After one control cycle
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Figure 7.3: Signal flow of a closed-loop system

is finished, the next cycle is triggered until the desired positioning precision is achieved.

The four-axis controller, I-8430 Embedded Controller manufactured by ICP DAS [98],

provides four-channel analogue outputs in conjunction with the actuators, the eight-

channel analogue inputs, and the three-axis digital inputsand outputs for encoder feed-

back and encoder blocks. The controller has compatibility with MATLAB/Simulink,

and can support the model-based control design approach. Itmeans that the control al-

gorithm designed in MATLAB/Simulink can be downloaded to the microchip integrated

in the controller via the RS232 interface or the network. Themicrochip takes responsi-

bilities of error computation and compensation calculation. The cycle time is selected as

0.2ms, and the real-time control can be implemented.

The linear amplifier TA115 by Trust Automation INC. [99], which is a small-size brush-

type motor, is used to convert the voltage signals sent out from the controller to the

current signals, and the current signals drives the VCA introduced in Chapter 5. An-

other amplifier is the PWM-type, such as Cello Digital Servo Drive by Elmo Motion

Control Ltd. [100]. However, the PWM amplifier introduces the ripple into the closed-

loop system as the input noise, which may reduce the positioning precision of the 3-PPP

XYZ-FPM. Thus, the linear amplifier is selected in this researchwork.

The displacement sensor mounted at the end-effector is Mercy 3500 SS-350c by MicroE

Systems [101]. The resolution is20nm, and the maximum speed is576mm/s.
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7.4 Robust Algorithm Design of Robust Position and Vi-

bration Control

7.4.1 Closed-Loop System Configuration

The robust control system of the 3-PPPXYZ-FPM is designed shown in Fig.7.5. The

parameters in Fig.7.5are explained as follows.

• K(s) is the designed controller.

• G(S) is the nominal dynamic model including the actuator and the 3-PPPXYZ-

FPM.

• r is the reference signal.

• y is the actual displacement at the end-effector of the 3-PPPXYZ-FPM.

• e is the displacement error signal.

• u is the output of the controller.

• d is the disturbance from the unmodeled uncertainties.

• Z1, Z2 andZ3 are the external outputs.

• Output weight functionWZ1(s) determines the bandwidth and the steady-state

error of the closed-loop system.

• Output weight functionWZ2(s) describes the additive uncertainties in the dynam-

ics model.

• Output weight functionWZ3(s) penalizes excitation of the first flexible mode and

thus provides for vibration damping.

The closed-loop system in Fig.7.5can be formulated as the standard format in Fig.7.6.

The objective can be briefly explained as controller design to ensure the expected track-

ing performance and vibration suppression with robustnessto the unmodeled uncertain-

ties and noises. To ensure the tracking performance, i.e., the positioning precision, the
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Figure 7.5: Block diagram of robust control system

reference signalr must be the external input. To achieve robustness to the unmodeled

uncertainties,d must also be the external input. Thus, the external inputs are the vector

W = [ r, d]. VectorZ = [ Z1, Z2, Z3] is the external outputs, andP (s) is the general-

ized plant. The controllerK(s) is what we plan to design. The output weight functions

WZ1(s), WZ2(s) andWZ3(s) are determined from the expected performance and are

estimated from the open-loop responses.

TheG(s) is the transfer function of the translational motion of the 3-PPPXYZ-FPM and

the VCAs, and it is also called as the nominal model. It is determined by the analytical

dynamic model of the 3-PPPXYZ-FPM and the parameters of the VCAs. In (5.20), the

dynamic equation for the translational motion of the 3-PPPXYZ-FPM has been formu-

lated. The coil weight of the VCA is0.316Kg, and this mass is attached on the flexure

mechanism. Thus, the dynamic equation for the translational motion including the flex-

ure mechanism and voice coil actuator is given as using theN − Kg − N/m unit
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The transfer function of the X-axis translational motion can be given as

G(s) =
1

0.4425s2 + 25400
. (7.4)
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Figure 7.6:H∞-control system

7.4.2 Dynamic Responses of Open-Loop System

The open-loop dynamic responses in the time domain under eight different input forces

along the X-axis are measured and plotted in Fig.7.7. From Fig.7.7, it can be seen that

there exist vibration lasting about0.5s and ripple caused by the external noises.

Using MATLAB/Ident toolbox, the models of the eight open-loop dynamic responses

are identified as

G1(s) =
−1.92 × 10−4s4 + 0.4556s3 + 218s2 + 3.16 × 105s + 1.5638

s5 + 2134s4 + 5.42 × 105s3 + 9.159 × 108s2 + 4.54 × 1010s + 3.817 × 1013
,

(7.5)

G2(s) =
1.513 × 10−4s3 + 0.1326s2 + 108.2s + 7.558 × 104

s4 + 50.08s3 + 4.313 × 105s2 + 1.172 × 107s + 1.815 × 1010
, (7.6)

G3(s) =
0.0001758s5 + 0.1233s4 + 198.4s3 + 1.48 × 105s2

s6 + 36.56s5 + 1.015 × 106s4 + 3.115 × 107s3 + 2.697 × 1011s2

+5.744 × 107s + 4.334 × 1010

+5.776 × 10122s + 1.055 × 1016
, (7.7)

G4(s) =
1.308 × 10−4s5 + 0.1241s4 + 161.1s3 + 1.482 × 105s2

s6 + 38.39s5 + 1.011 × 106s4 + 3.133 × 107s3 + 2.686 × 1011s2

+5.093 × 107s + 4.185 × 1010

+5.702 × 1012s + 1.051 × 1016
, (7.8)

G5(s) =
1.513 × 10−4s5 + 0.1165s4 + 166.7s3 + 1.435 × 105s2

s6 + 37.93s5 + 1.011 × 106s4 + 3.15 × 107s3 + 2.683 × 1011s2
,

+4.821 × 107s + 4.057 × 1010

+5.771 × 1012s + 1.05 × 1016
, (7.9)
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Figure 7.7: Open-loop responses in time domain
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Figure 7.8: Open-loop responses in frequency domain

G6(s) =
1.517 × 10−4s3 + 0.1303s2 + 78.17s + 6.736 × 104

s4 + 41.01s3 + 4.333 × 105s2 + 1.034 × 107s + 1.825 × 1010
, (7.10)

G7(s) =
1.688 × 10−4s3 + 0.1209s2 + 74.49s + 6.491 × 104

s4 + 33.06s3 + 4.315 × 105s2 + 9.68 × 106s + 1.814 × 1010
, (7.11)

G8(s) =
1.88 × 10−4s3 + 0.1039s2 + 72.16s + 6.234 × 104

s4 + 32.25s3 + 4.316 × 105s2 + 9.494 × 106s + 1.816 × 1010
. (7.12)

The eight identified models and the nominal model (7.4) are represented in the frequency

domain, as shown in Fig.7.8. Note that in Fig.7.8, the high-order mode shapes between

600 rad/sec and900 rad/sec are activated, and not included in the nominal model. The

high-order unmodeled mode shapes will be considered in the output weight function

WZ2(s).

7.4.3 Determination of Output Weight Functions

Output Weight Function WZ1(s)

The output weightWZ1(s) considers the performance criteria of the steady-state error

and the closed-loop bandwidth.WZ1(s) gives a possibility to shape the sensitivity func-

tion S(s) of the closed-loop system. The sensitivity is defined as the transfer function
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Figure 7.9: Weight functions

from e to r. The lower‖S(s)‖ in low frequency, the smaller the steady-state error. If

‖S(0)‖∞ = ε, the error in response to a step stimulation will be smaller thanε [102].

Therefore,ε is selected as the steady-state error of10−4, and the sensitivity function

S(s) is designed as

S(s) =
s + 10−4ωB

s + ωB

, (7.13)

whereωB is the desired bandwidth of the closed-loop system.WZ1(s) is the inverse of

S(s),

WZ1(s) =
1

S(s)
. (7.14)

Based on the results in Fig.7.8, it can be concluded that the natural frequency for the

translational motion is about35Hz. It is the natural frequency of the combination of

the 3-PPPXYZ-FPM and the VCA, and hence the value is smaller than56Hz from the

hammer test in Chapter 5. The bandwidth of the closed-loop system is chosen as15Hz,

according to the value of35Hz. In the meanwhile,WZ1(s) functions as a low-pass filter

in Fig. 7.9, filtering out the signals higher than15Hz. Therefore,

WZ1(s) =
s + 94.2

s + 94.2 × 10−4
. (7.15)

Output Weight Function WZ2(s)

WZ2(s) describes the additive uncertainty due to the unmodeled uncertainties. The repre-

sentations of the real plantP (s) and the nominal plantPnom(s) in the frequency domain
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have been plotted in Fig.7.8. The real plantP (s) can be represented using the additive

uncertainty,

P (s) = Pnom(s) + WZ2(s)△, (7.16)

wherePnom(s) is the nominal dynamic model based on the analytical derivation, and

‖△‖∞ < 1. The additive uncertaintyWZ2(s)△ can be derived as

WZ2(s)△ = P (s) − Pnom(s). (7.17)

Based on the open-loop responses under the different inputs, the real plantP (s) is equal

to G1(s), G2(s), G3(s), G4(s), G5(s), G6(s), G7(s) andG8(s), respectively. Based

on the analytical model, the nominal plantPnom(s) is equal toG(s) in (7.4). Hence,

WZ2(s)△, plotted in Fig.7.10, is calculated as,

WZ2(s)△|1 = G1(s) − G(s), (7.18)

WZ2(s)△|2 = G2(s) − G(s), (7.19)

WZ2(s)△|3 = G3(s) − G(s), (7.20)

WZ2(s)△|4 = G4(s) − G(s), (7.21)

WZ2(s)△|5 = G5(s) − G(s), (7.22)

WZ2(s)△|6 = G7(s) − G(s), (7.23)

WZ2(s)△|7 = G8(s) − G(s), (7.24)

WZ2(s)△|8 = G8(s) − G(s). (7.25)

The output weight functionWZ2(s) should envelopWZ2(s)△ in all frequencies, and is

selected as

WZ2(s) =
800(s2 + 300s + 9 × 104)(s + 104)

(s2 + 500s + 6.4 × 105)(s + 106)
. (7.26)
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Figure 7.10: Additive uncertainty

Output Weight Function WZ3(s)

WZ3(s) penalizes excitation of the first mode of the 3-PPPXYZ-FPM, and thus sup-

presses vibration at the natural frequency of the first mode.WZ3(s) in Fig. 7.9 is ex-

pected to increase the gain at the natural frequency of35Hz, and remain small constant

at other frequencies [73]

WZ3(s) =
2500

(s2 + 0.1s + 48312.04)(s + 219.8)(s2 + 94.2a + 63101.44)
. (7.27)

7.4.4 µ-Synthesize with MATLAB

Using the MATLAB/µ-Toolbox, the 11-order controllerK(s) is synthesized. The trans-

fer function is designed as

K(s) =
−6.408 × 10−8s11 + 0.01363s10 + 41.66s9 + 4.144 × 104s8 + 1.128 × 107s7

s11 + 4028s10 + 7.09 × 106s9 + 8.082 × 109s8 + 7.088 × 1012s7

−1.603 × 1010s6 − 3.834 × 1013s5 − 3.722 × 1016s4 − 1.394 × 1019s3

+4.35 × 1015s6 + 1.582 × 1018s5 + 4.065 × 1020s4 + 1.14 × 1023s3

−1.815 × 1021s2 − 5.988 × 1023s − 5.638 × 1022

+1.044 × 1025s2 + 2.585 × 1027s + 2.437 × 1026
. (7.28)

Bode plot of the controller is shown in Fig.7.11.
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Figure 7.11: Robust Controller



Chapter 7 125

(a) Open-loop dynamic response

«¬­®®¯«¬°±®«¬­®®²«¬°±®
(b) Closed-loop dynamic response

Figure 7.12: Dynamic responses from experiments
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7.4.5 Implementation

In order to verify the designed controller, two sets of experiments are conducted. The

first experiment is to measure the open-loop responses, as shown in Fig.7.12(a). The

force 12.7N is generated to push the 3-PPPXYZ-FPM along the X-axis, and the ex-

pected translational motion of the end-effector should be0.5mm based on the nominal

model (7.4). However, influenced by unmodeled uncertainties, external disturbances

and vibration, the actual displacement of the end-effectoris 0.46mm, with a positioning

error about8%, and oscillation lasting more than0.5s.

The second experiment is to implement the designed controller and measure the closed-

loop response. After downloading the designed controllerK into the microchip of

the I-8430 Embedded Controller, the closed-loop system canoperate. The same input

force 12.7N is generated to push the 3-PPPXYZ-FPM along the X-axis, and the end-

effector is expected to move0.5mm along the X-axis. The experimental result, plotted

in Fig. 7.12(b), shows that the positioning precision is improved with the positioning

error within the boundaries of±0.1µm, and vibration is also suppressed with a short

settling time about0.1s.

7.5 Summary

A hybrid controller with position control and vibration control has been designed using

theH∞-theory. The controller is robust to the unmodeled uncertainties due to high-order

mode shapes and unmodeled parameters of flexure mechanism, and also nonsensitive to

the external disturbances. The controller also suppressesvibration caused by the inherent

low damping in flexure mechanisms. The dynamic performancesof the closed-loop

system are improved significantly. The positioning precision of 0.1µm and the settling

time of0.1s are achieved.



Chapter 8

Conclusions, Contributions and Future

Works

8.1 Conclusions

Structure synthesis of large-displacement and decoupledXYZ-FPMs

The characteristics of flexure mechanisms have been investigated, and generalized as

the structure constraints. Based on these structure constraints, structure synthesis of

theXYZ-FPMs with decoupled kinematic structures has been conducted. The 3-PPP, 3-

PRRR, 3-PPRRR and 3-PRRRP structures have been designed. Moreover, a new type

of large-motion prismatic joint has been designed, and functions as the fundamental

modules to configure theXYZ-FPMs. Therefore, the synthesized decoupledXYZ-FPMs

has the advantage of large motion range.

Exact modeling of synthesizedXYZ-FPMs

The exact stiffness models of the synthesizedXYZ-FPMs have been formulated, based on

the lumped-compliance assumption. The compliance matrix of the RRR-limb, the mod-

ule for theXYZ-FPM configurations, has been obtained based on the exact compliance

formulation of flexure hinges. An exact modeling method, based on the continuous-

compliance assumption, has been proposed and been applied to formulate the static and

dynamic behaviors of the new type of prismatic joint.

127
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Dimension optimization based on static performance

The critical static performances of flexure mechanisms include stiffness, motion range,

stage size and parasitic motion. To ensure flexure mechanisms possess the high static

performances, the dimension optimization approach has been generalized. Dimension

determination has been formulated quantitatively as an optimal problem with the single-

objective. Therefore, dimensions can easily be determinedby the standard single-objective

optimization algorithms.

Development of a 3-PPPXYZ-FPM

Based on the generalized studies of structure synthesis, exact modeling and dimension

optimization, a 3-PPPXYZ-FPM with large motion range and decoupled kinematic struc-

ture has been developed. The experimental results show thatthe 3-PPPXYZ-FPM pos-

sesses the decoupled kinematic structure, with the small cross-axis errors below2% and

small parasitic rotations smaller than1.5mrad. The results also show that the 3-PPP

XYZ-FPM has large motion range, with a workspace of2.3mm and a large motion range

of 1/80. From the experimental results, the designed prismatic joint is proved to possess

the a workspace of2.3mm× 2.3mm× 2.3mm and a large motion range of7%. The ex-

act modeling method, applied to the designed prismatic joint and the 3-PPPXYZ-FPM,

is verified to improve the modeling accuracy significantly. Ahybrid position and vibra-

tion controller using theH∞-theory has also been designed for achieving the positioning

precision of0.1µm and the fast response with the settling time of0.1s.

In summarization, compared to the current flexure mechanisms, our developed 3-PPP

XYZ-FPM has the advantages of a large workspace, a compact stagesize, a large motion

range, smaller parasitic motions, high positioning precision. Comparisons are listed in

Table8.1

8.2 Contributions

This research work contributes towards development of the large-motion and decoupled

XYZ-FPMs. This research work is important since more and more flexure mechanisms
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Table 8.1: Performance comparison of flexure mechanisms

Stages Workspace Stage size Motion

rangeβ

Parasitic

motion

Positioning

precision

XY [ 10] 5mm ×

5mm

300mm ×

300mm

1/60 cross-axis

0.03%

rotation

0.5arcsecs

NA

6-

DOF [27]

100µm ×

100µm ×

100µm

>

100mm ×

100mm

< 1/1000 NA 0.25µm

XY θZ [28] 100µm ×

100µm ×

0.1◦

>

200mm ×

200mm

< 1/2000 NA NA

XY Z [32] 200µm ×

400µm ×

400µm

>

100mm ×

100mm ×

100mm

< 1/500 NA 0.1µm
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are required for micromanipulation with high positioning precision and fast response.

To summarize, the contributions are:

Design of large-motion prismatic joint

The new prismatic joint has the advantages of large motion range, no parasitic motion,

no buckling and no stiffening. Increasing of the motion range of the prismatic joint can

enlarge the workspace of the flexure mechanism significantly. Therefore, integrating

the new prismatic joint, the flexure mechanism can achieve a large workspace. If the

prismatic joint has parasitic motion, the parasitic motionmay be transferred or amplified

at the end-effector of the flexure mechanism. Thus, the new prismatic joint without the

parasitic motion can significantly reduce the parasitic motion of the flexure mechanism.

Structure synthesis of decoupledXYZ-FPMs

Study of structure synthesis of decoupledXYZ-FPMs is necessary, because low-mobility

FPMs with decoupled kinematic structures are suitable and dominant for the require-

ment of high precision, and there is still no generic study for synthesizing decoupled

XYZ-FPMs. Although, there are many studies for synthesizing decoupledXYZ rigid

mechanisms, flexure mechanisms have some differences and more constraints than rigid

mechanisms. These differences and constraints make structure synthesis method of flex-

ure mechanisms different from that of rigid mechanisms. Thedifferences and constraints

are summarized, and the structure synthesis method for decoupledXYZ-FPMs is gener-

alized based on the summarization.

Exact modeling

The exact modeling method for the new type of prismatic jointis useful, because it is not

only an exact method based on the continuous-compliance assumption, but also it can

formulate the stiffness and the dynamics of the new prismatic joint exactly. Moreover,

it is generic and can be applied to a series of large-motion prismatic joints introduced in

Chapter 2.

Dimension optimization based on static performances
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The generalized dimension optimization method based on thestatic performances is nec-

essary. The method considers the critical static performances of flexure mechanisms, in-

cluding stiffness, workspace, stage size, parasitic motion and actuation ability. The pre-

vious studies about the optimal design of flexure mechanismsconsider one or two items,

and no study summarizes and generalizes the entire static performances based method.

The generalized dimension optimization method mentioned here gives the quantitative

representations of these static performances, and formulates as a single-objective opti-

mal problem. Thus, the method can be easily applied, by obtaining the optimal solution

via the standard single-objective optimization algorithms.

Hybrid position and vibration control with robustness

There are three common problems in flexure mechanisms, i.e.,unmodeled uncertain-

ties caused by difficulty to model high-order mode shapes, high sensitivity of external

disturbances and vibration due to the inherent low damping.The hybrid control algo-

rithm integrates both position control and vibration control, and solves the three common

problems simultaneously. Successful implementation of the designed control algorithm

proves that the advanced control theory of theH∞-theory is suitable to flexure mecha-

nisms and the further application is meaningful.

8.3 Future Works

The future direction of this project will include followingissues:

Modeling of nonsensitive-axis motion

The exact stiffness and dynamic models of the sensitive-axis motions have been derived.

Moreover, in dimension optimization, small parasitic motion is considered. The cross-

axis error and parasitic rotation at the end-effector are proved to be small through the

experimental results. However, there is still no analytical model for formulating the

nonsensitive-axis motions. In the following works, the6 × 6 stiffness matrices of the

synthesizedXYZ-FPMs are needed to be formulated.

Optimal design based on dynamic performance
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The natural frequency for the X-axis translational mode shape of the 3-PPPXYZ-FPM

is 56Hz, and this value determines the closed-loop bandwidth about15Hz. The smaller

the natural frequency of flexure mechanisms, the narrower the closed-loop bandwidth.

For purpose of fast response of the closed-loop system, the natural frequency of flexure

mechanisms is expected to be high. Therefore, the dynamics-based design becomes

necessary.
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